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THIN BACK GLASS INTERCONNECT

TECHNICAL FIELD

This disclosure relates to structures and processes for
encapsulating electromechanical systems devices on sub-
strates.

DESCRIPTION OF THE RELATED
TECHNOLOGY

Electromechanical systems (EMS) include devices having
electrical and mechanical elements, actuators, transducers,
sensors, optical components (such as mirrors and optical film
layers) and electronics. Electromechanical systems can be
manufactured at a variety of scales including, but not limited
to, microscales and nanoscales. For example, microelectro-
mechanical systems (MEMS) devices can include structures
having sizes ranging from about a micron to hundreds of
microns or more. Nanoelectromechanical systems (NEMS)
devices can include structures having sizes smaller than a
micron including, for example, sizes smaller than several
hundred nanometers. Electromechanical elements may be
created using deposition, etching, lithography, and/or other
micromachining processes that etch away parts of substrates
and/or deposited material layers, or that add layers to form
electrical and electromechanical devices.

One type of electromechanical systems device is called an
interferometric modulator (IMOD). As used herein, the term
interferometric modulator or interferometric light modulator
refers to a device that selectively absorbs and/or reflects light
using the principles of optical interference. In some imple-
mentations, an interferometric modulator may include a pair
of conductive plates, one or both of which may be transparent
and/or reflective, wholly or in part, and capable of relative
motion upon application of an appropriate electrical signal. In
an implementation, one plate may include a stationary layer
deposited on a substrate and the other plate may include a
reflective membrane separated from the stationary layer by an
air gap. The position of one plate in relation to another can
change the optical interference of light incident on the inter-
ferometric modulator. Interferometric modulator devices
have a wide range of applications, and are anticipated to be
used in improving existing products and creating new prod-
ucts, especially those with display capabilities.

MEMS packaging protects the functional units of the sys-
tem from the environment, provides mechanical support for
the system components, and provides an interface for electri-
cal interconnections.

SUMMARY

The systems, methods and devices of the disclosure each
have several innovative aspects, no single one of which is
solely responsible for the desirable attributes disclosed
herein.

One innovative aspect of the subject matter described in
this disclosure can be implemented in a package including a
cover glass joined to a device substrate. The cover glass can
include integrated electrical connectivity and be configured to
encapsulate one or more MEMS devices on the device sub-
strate. In some implementations, the cover glass can include
one or more spin-on glass layers and electrically conductive
routing and interconnects. The package can include a narrow
seal surrounding the one or more encapsulated MEMS
devices.
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Another innovative aspect of the subject matter described
in this disclosure can be implemented in an apparatus includ-
ing a cover glass having first and second opposing sides. The
cover glass can include one or more spin-on glass layers, a
cavity and a joining ring surrounding the cavity. One or more
routing lines can be on the first side, with one or more posts
extending through the one or more spin-on-glass layers to
electrically connect the one or more routing lines on the first
side to the second side.

The one or more routing lines can conformally extend
along at least a portion of the cavity. In some implementa-
tions, the cover glass can be about 30 and 150 microns thick.
In some implementations, the joining ring can be between
about 100 and 500 microns wide. In some implementations,
the one or more routing lines can include a nickel-based
material. The apparatus can further include a device substrate
including one or more devices disposed on a surface of the
device substrate. The cover glass can be joined to the surface
of the device substrate. The one or more devices can be in
electrical communication with the one or more posts.

Another innovative aspect of the subject matter described
in this disclosure can be implemented in an apparatus includ-
ing a device substrate, a device mounted on the device sub-
strate, means for encapsulating the device, and means for
electrically connecting the encapsulated device. In some
implementations, the means for encapsulating the device can
include a cover glass formed of a solidified liquid dielectric
material. In some implementations, the means for electrically
connecting the encapsulated device can include pillars
embedded in and extending through the cover glass.

Yet another innovative aspect of the subject matter
described in this disclosure can be implemented in a method
of forming a cover. The method can include forming a sacri-
ficial layer on a sacrificial substrate, with the sacrificial layer
including a raised feature on a substantially planar surface,
and forming a joining ring and one or more routing lines on
the sacrificial layer. The method can include forming one or
more posts connected to the one or more routing lines and
oriented substantially perpendicularly to the first substrate.
The method can include depositing and curing one or more
spin-on dielectric layers to cover the sacrificial layer, joining
ring, one or more routing lines and one or more posts. The
method can include planarizing the one or more spin-on
dielectric layers to expose the one or more posts and to form
a cover releasably attached to the first substrate via the sac-
rificial layer. The cover can include first and second opposing
sides, the first side including the one or more routing lines, the
joining ring and a cavity, and the one or more posts extending
through the one or more planarized spin-on dielectric layers
to electrically connect the one or more routing lines to the
second side.

In some implementations, the method can further include
releasably attaching a carrier substrate to the cover, and etch-
ing the sacrificial layer to release the sacrificial substrate from
the cover and thereby void the cavity. In some implementa-
tions, the method can include joining the cover to a substrate
having one or more devices disposed thereon, such that the
cover covers the one or more devices.

In some implementations, the method can include joining a
cover that includes a plurality of arrayed cavities and associ-
ated joining rings, routing lines and interconnects, to a sub-
strate having a plurality of arrayed devices disposed thereon,
such that each of the plurality of arrayed devices is disposed
in one of the plurality of arrayed cavities. The method can
further include singulating the joined cover and substrate.

Details of one or more implementations of the subject
matter described in this specification are set forth in the
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accompanying drawings and the description below. Other
features, aspects, and advantages will become apparent from
the description, the drawings, and the claims. Note that the
relative dimensions of the following figures may not be drawn
to scale.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows an example of an isometric view depicting
two adjacent pixels in a series of pixels of an interferometric
modulator (IMOD) display device.

FIG. 2 shows an example of a system block diagram illus-
trating an electronic device incorporating a 3x3 interferomet-
ric modulator display.

FIG. 3 shows an example of a diagram illustrating movable
reflective layer position versus applied voltage for the inter-
ferometric modulator of FIG. 1.

FIG. 4 shows an example of a table illustrating various
states of an interferometric modulator when various common
and segment voltages are applied.

FIG. 5A shows an example of a diagram illustrating a
frame of display data in the 3x3 interferometric modulator
display of FIG. 2.

FIG. 5B shows an example of a timing diagram for com-
mon and segment signals that may be used to write the frame
of display data illustrated in FIG. 5A.

FIG. 6A shows an example of a partial cross-section of the
interferometric modulator display of FIG. 1.

FIGS. 6B-6E show examples of cross-sections of varying
implementations of interferometric modulators.

FIG. 7 shows an example of a flow diagram illustrating a
manufacturing process for an interferometric modulator.

FIGS. 8A-8E show examples of cross-sectional schematic
illustrations of various stages in a method of making an inter-
ferometric modulator.

FIG. 9 shows an example of a simplified schematic illus-
tration of a device substrate and a cover glass prior to encap-
sulation.

FIG. 10 shows an example of a flow diagram illustrating a
process for encapsulating devices with a cover glass.

FIGS. 11A-11F show examples of cross-sectional sche-
matic illustrations of various stages of in a method of encap-
sulating a device with a cover glass.

FIG. 12 shows an example of a flow diagram illustrating a
process for fabricating individual dies using a batch level
encapsulation process.

FIGS. 13A and 13B show examples of schematic illustra-
tions of various stages of a batch level process of fabricating
individual dies including encapsulated devices.

FIG. 14 shows an example of a flow diagram illustrating a
process for forming a cover plate.

FIGS. 15A and 15B show examples of flow diagrams illus-
trating a process for forming a cover plate.

FIGS. 16A-16] show examples of cross-sectional sche-
matic illustrations of various stages in a method of forming a
cover plate.

FIGS. 17A and 17B show examples of system block dia-
grams illustrating a display device that includes a plurality of
interferometric modulators.

Like reference numbers and designations in the various
drawings indicate like elements.

DETAILED DESCRIPTION

The following description is directed to certain implemen-
tations for the purposes of describing the innovative aspects
of'this disclosure. However, a person having ordinary skill in
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the art will readily recognize that the teachings herein can be
applied in a multitude of different ways. The described imple-
mentations may be implemented in any device or system that
can be configured to display an image, whether in motion
(e.g., video) or stationary (e.g., still image), and whether
textual, graphical or pictorial. More particularly, it is contem-
plated that the described implementations may be included in
or associated with a variety of electronic devices such as, but
not limited to: mobile telephones, multimedia Internet
enabled cellular telephones, mobile television receivers,
wireless devices, smartphones, Bluetooth® devices, personal
data assistants (PDAs), wireless electronic mail receivers,
hand-held or portable computers, netbooks, notebooks,
smartbooks, tablets, printers, copiers, scanners, facsimile
devices, GPS receivers/navigators, cameras, MP3 players,
camcorders, game consoles, wrist watches, clocks, calcula-
tors, television monitors, flat panel displays, electronic read-
ing devices (i.e., e-readers), computer monitors, auto displays
(including odometer and speedometer displays, etc.), cockpit
controls and/or displays, camera view displays (such as the
display of a rear view camera in a vehicle), electronic photo-
graphs, electronic billboards or signs, projectors, architec-
tural structures, microwaves, refrigerators, stereo systems,
cassette recorders or players, DVD players, CD players,
VCRs, radios, portable memory chips, washers, dryers,
washer/dryers, parking meters, packaging (such as in electro-
mechanical systems (EMS), microelectromechanical sys-
tems (MEMS) and non-MEMS applications), aesthetic struc-
tures (e.g., display of images on a piece of jewelry) and a
variety of EMS devices. The teachings herein also can be used
in non-display applications such as, but not limited to, elec-
tronic switching devices, radio frequency filters, sensors,
accelerometers, gyroscopes, motion-sensing devices, magne-
tometers, inertial components for consumer electronics, parts
of consumer electronics products, varactors, liquid crystal
devices, electrophoretic devices, drive schemes, manufactur-
ing processes and electronic test equipment. Thus, the teach-
ings are not intended to be limited to the implementations
depicted solely in the Figures, but instead have wide applica-
bility as will be readily apparent to one having ordinary skill
in the art.

Some implementations described herein relate to packag-
ing of MEMS devices. Packages to encapsulate such devices
and related fabricated methods are described herein. While
implementations of the methods of encapsulation and the
resulting encapsulated devices are described chiefly in the
context of packaging of MEMS devices and other electrome-
chanical systems devices, the methods and packages are not
so limited and may be implemented for packaging of other
types of devices or structures. Furthermore, “MEMS devices”
may refer to devices generally of various scales, including
micrometer and nanometer scale devices, as well as devices
having dimensions one or more orders of magnitude greater
than micrometers.

Encapsulation techniques can include thin-film encapsula-
tion and macro-level encapsulation. A thin-film encapsula-
tion process can involve depositing one or more thin film
layers over the MEMS device, while a macro-level encapsu-
lation can involve bonding or otherwise joining a cover to a
device provided on a substrate to form a package.

In some implementations, macro-level methods of encap-
sulating MEMS devices are described. Encapsulation of
MEMS devices can provide a controlled atmosphere for
operation of the devices. In some implementations, the meth-
ods are batch encapsulation processes performed prior to die
singulation. Batch level encapsulation of MEMS devices
refers to encapsulating a plurality of MEMS devices simul-
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taneously and can be performed at a panel, wafer, substrate,
sub-panel, sub-wafer, or sub-substrate level. Certain opera-
tions in a batch level encapsulation process are performed
once for a plurality of devices, rather than performed sepa-
rately for each device. In some implementations, the batch
level processes involve encapsulating a plurality of devices
that have been fabricated on a wafer, panel or other substrate
prior to singulation of the wafer, panel or other substrate into
individual dies.

In some implementations, devices are encapsulated on a
substrate, such as a glass, plastic or silicon substrate. A pack-
age including the substrate and encapsulated device(s) can be
thin, having a thickness of about 30-150 microns beyond the
thickness of the substrate. The total overall thickness for a
packaged MEMS device fabricated on a 500 micron substrate
may be about 530-650 microns, for example. In some imple-
mentations, a package includes a narrow seal surrounding an
encapsulated device. The seal can be less than about 1 milli-
meter wide, for example, and in some implementations less
than 200 microns wide. The encapsulation methods described
herein can be used to encapsulate devices of arbitrary thick-
ness and area. For example, in some implementations,
devices having thicknesses of about 1-30 microns or greater
can be encapsulated. Also, in some implementations, devices
having areas of 1 square micron to tens of square millimeters
can be encapsulated.

In some implementations, the batch-level methods involve
providing a cover plate and a device substrate, the device
substrate including a plurality of devices and the cover plate
including a cover glass including integrated electrical con-
nectivity configured to encapsulate at least some of the plu-
rality of devices. The cover plate can include a carrier sub-
strate to which the cover glass is attached. The cover glass can
be joined to the device substrate to encapsulate the plurality of
devices, and then released from the carrier substrate.

In some implementations, methods of fabricating cover
glasses are described. The methods can involve fabricating
non-glass components of a cover glass on a sacrificial sub-
strate, and then depositing and curing one or more spin-on
glass layers on the sacrificial substrate. The sacrificial sub-
strate can then be released allowing the cover glass to be
joined to a device substrate. Non-glass components of the
cover glass can include one or more of electrically conductive
routing, electrically conductive interconnects, and compo-
nents to facilitate joining to the device substrate.

Particular implementations of the subject matter described
in this disclosure can be implemented to realize one or more
of the following potential advantages. In some implementa-
tions, batch panel-level processing methods can be used to
eliminate or reduce die-level processing. Advantages of
encapsulation and packaging in a batch process at a panel, or
a sub-panel, level include a large number of units fabricated in
parallel in the batch process, thus reducing costs per unit as
compared to individual die level processing. The use of batch
processes such as lithography, etching and plating over a large
substrate in some implementations allows tighter tolerances
and reduces die-to-die variation. Batch processes can be used
to fabricate cover glasses for multiple dies simultaneously. In
some implementations, the encapsulation methods can be
used to fabricate thin packaged devices. In some implemen-
tations, the encapsulated MEMS devices include a narrow
seal ring. Narrow seal rings can reduce die size. In some
implementations, the encapsulation methods can enable set-
ting a desired atmosphere for the encapsulated MEMS
devices. In some implementations, the encapsulation meth-
ods can be used to form cavities that will accommodate
MEMS devices, with formation of the cavities occurring
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away from the MEMS devices. This can reduce exposure of
the MEMS devices to etching and other processing compared
to thin film or other encapsulation techniques in which cavi-
ties are formed on the same substrate as the MEMS devices.
In some implementations, the methods can be used to fabri-
cate electrical routing in a three dimensional structure that
enables redistribution from one plane to another and from one
type of electrical pads, such as peripheral pads, to another
type of electrical pads, such as area array pads.

An example of a suitable MEMS device, to which the
described implementations may apply, is a reflective display
device. Reflective display devices can incorporate interfero-
metric modulators (IMODs) to selectively absorb and/or
reflect light incident thereon using principles of optical inter-
ference. IMODs can include an absorber, a reflector that is
movable with respect to the absorber, and an optical resonant
cavity defined between the absorber and the reflector. The
reflector can be moved to two or more different positions,
which can change the size of the optical resonant cavity and
thereby affect the reflectance of the interferometric modula-
tor. The reflectance spectrums of IMODs can create fairly
broad spectral bands which can be shifted across the visible
wavelengths to generate different colors. The position of the
spectral band can be adjusted by changing the thickness of the
optical resonant cavity. One way of changing the optical
resonant cavity is by changing the position of the reflector.

FIG. 1 shows an example of an isometric view depicting
two adjacent pixels in a series of pixels of an interferometric
modulator (IMOD) display device. The IMOD display device
includes one or more interferometric MEMS display ele-
ments. In these devices, the pixels of the MEMS display
elements can be in either a bright or dark state. In the bright
(“relaxed,” “open” or “on”) state, the display element reflects
a large portion of incident visible light, e.g., to a user. Con-
versely, in the dark (“actuated,” “closed” or “off”) state, the
display element reflects little incident visible light. In some
implementations, the light reflectance properties of the onand
off states may be reversed. MEMS pixels can be configured to
reflect predominantly at particular wavelengths allowing for a
color display in addition to black and white.

The IMOD display device can include a row/column array
of IMODs. Each IMOD can include a pair of reflective layers,
i.e., a movable reflective layer and a fixed partially reflective
layer, positioned at a variable and controllable distance from
each other to form an air gap (also referred to as an optical gap
or cavity). The movable reflective layer may be moved
between at least two positions. In a first position, i.e., a
relaxed position, the movable reflective layer can be posi-
tioned at a relatively large distance from the fixed partially
reflective layer. In a second position, i.e., an actuated position,
the movable reflective layer can be positioned more closely to
the partially reflective layer. Incident light that reflects from
the two layers can interfere constructively or destructively
depending on the position of the movable reflective layer,
producing either an overall reflective or non-reflective state
for each pixel. In some implementations, the IMOD may be in
a reflective state when unactuated, reflecting light within the
visible spectrum, and may be in a dark state when unactuated,
absorbing and/or destructively interfering light within the
visible range. In some other implementations, however, an
IMOD may be in a dark state when unactuated, and in a
reflective state when actuated. In some implementations, the
introduction of an applied voltage can drive the pixels to
change states. In some other implementations, an applied
charge can drive the pixels to change states.

The depicted portion of the pixel array in FIG. 1 includes
two adjacent interferometric modulators 12. In the IMOD 12
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on the left (as illustrated), a movable reflective layer 14 is
illustrated in a relaxed position at a predetermined distance
from an optical stack 16, which includes a partially reflective
layer. The voltage V, applied across the IMOD 12 on the left
is insufficient to cause actuation of the movable reflective
layer 14. In the IMOD 12 on the right, the movable reflective
layer 14 is illustrated in an actuated position near or adjacent
the optical stack 16. The voltage V. applied across the
IMOD 12 on the right is sufficient to maintain the movable
reflective layer 14 in the actuated position.

InFIG. 1, the reflective properties of pixels 12 are generally
illustrated with arrows 13 indicating light incident upon the
pixels 12, and light 15 reflecting from the pixel 12 on the left.
Although not illustrated in detail, it will be understood by a
person having ordinary skill in the art that most of the light 13
incident upon the pixels 12 will be transmitted through the
transparent substrate 20, toward the optical stack 16. A por-
tion of the light incident upon the optical stack 16 will be
transmitted through the partially reflective layer of the optical
stack 16, and a portion will be reflected back through the
transparent substrate 20. The portion of light 13 that is trans-
mitted through the optical stack 16 will be reflected at the
movable reflective layer 14, back toward (and through) the
transparent substrate 20. Interference (constructive or
destructive) between the light reflected from the partially
reflective layer of the optical stack 16 and the light reflected
from the movable reflective layer 14 will determine the wave-
length(s) of light 15 reflected from the pixel 12.

The optical stack 16 can include a single layer or several
layers. The layer(s) can include one or more of an electrode
layer, a partially reflective and partially transmissive layer
and a transparent dielectric layer. In some implementations,
the optical stack 16 is electrically conductive, partially trans-
parent and partially reflective, and may be fabricated, for
example, by depositing one or more of the above layers onto
a transparent substrate 20. The electrode layer can be formed
from a variety of materials, such as various metals, for
example indium tin oxide (ITO). The partially reflective layer
can be formed from a variety of materials that are partially
reflective, such as various metals, such as chromium (Cr),
semiconductors, and dielectrics. The partially reflective layer
can be formed of one or more layers of materials, and each of
the layers can be formed of a single material or a combination
of materials. In some implementations, the optical stack 16
can include a single semi-transparent thickness of metal or
semiconductor which serves as both an optical absorber and
electrical conductor, while different, electrically more con-
ductive layers or portions (e.g., of the optical stack 16 or of
other structures of the IMOD) can serve to bus signals
between IMOD pixels. The optical stack 16 also can include
one or more insulating or dielectric layers covering one or
more conductive layers or an electrically conductive/opti-
cally absorptive layer.

In some implementations, the layer(s) of the optical stack
16 can be patterned into parallel strips, and may form row
electrodes in a display device as described further below. As
will be understood by one having ordinary skill in the art, the
term “patterned” is used herein to refer to masking as well as
etching processes. In some implementations, a highly con-
ductive and reflective material, such as aluminum (Al), may
be used for the movable reflective layer 14, and these strips
may form column electrodes in a display device. The movable
reflective layer 14 may be formed as a series of parallel strips
of a deposited metal layer or layers (orthogonal to the row
electrodes of the optical stack 16) to form columns deposited
on top of posts 18 and an intervening sacrificial material
deposited between the posts 18. When the sacrificial material
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is etched away, a defined gap 19, or optical cavity, can be
formed between the movable reflective layer 14 and the opti-
cal stack 16. In some implementations, the spacing between
posts 18 may be approximately 1-1000 um, while the gap 19
may be less than <10,000 Angstroms (A).

In some implementations, each pixel of the IMOD,
whether in the actuated or relaxed state, is essentially a
capacitor formed by the fixed and moving reflective layers.
When no voltage is applied, the movable reflective layer 14
remains in a mechanically relaxed state, as illustrated by the
pixel 12 on the left in FIG. 1, with the gap 19 between the
movable reflective layer 14 and optical stack 16. However,
when a potential difference, a voltage, is applied to at least
one of a selected row and column, the capacitor formed at the
intersection of the row and column electrodes at the corre-
sponding pixel becomes charged, and electrostatic forces pull
the electrodes together. If the applied voltage exceeds a
threshold, the movable reflective layer 14 can deform and
move near or against the optical stack 16. A dielectric layer
(not shown) within the optical stack 16 may prevent shorting
and control the separation distance between the layers 14 and
16, as illustrated by the actuated pixel 12 on the right in FIG.
1. The behavior is the same regardless of the polarity of the
applied potential difference. Though a series of pixels in an
array may be referred to in some instances as “rows” or
“columns,” a person having ordinary skill in the art will
readily understand that referring to one direction as a “row”
and another as a “column” is arbitrary. Restated, in some
orientations, the rows can be considered columns, and the
columns considered to be rows. Furthermore, the display
elements may be evenly arranged in orthogonal rows and
columns (an “array”), or arranged in non-linear configura-
tions, for example, having certain positional offsets with
respect to one another (a “mosaic”). The terms “array” and
“mosaic” may refer to either configuration. Thus, although
the display is referred to as including an “array” or “mosaic,”
the elements themselves need not be arranged orthogonally to
one another, or disposed in an even distribution, in any
instance, but may include arrangements having asymmetric
shapes and unevenly distributed elements.

FIG. 2 shows an example of a system block diagram illus-
trating an electronic device incorporating a 3x3 interferomet-
ric modulator display. The electronic device includes a pro-
cessor 21 that may be configured to execute one or more
software modules. In addition to executing an operating sys-
tem, the processor 21 may be configured to execute one or
more software applications, including a web browser, a tele-
phone application, an email program, or any other software
application.

The processor 21 can be configured to communicate with
anarray driver 22. The array driver 22 can include a row driver
circuit 24 and a column driver circuit 26 that provide signals
to, for example, a display array or panel 30. The cross section
of'the IMOD display device illustrated in FIG. 1 is shown by
the lines 1-1 in FIG. 2. Although FIG. 2 illustrates a 3x3 array
of IMODs for the sake of clarity, the display array 30 may
contain a very large number of IMODs, and may have a
different number of IMODs in rows than in columns, and vice
versa.

FIG. 3 shows an example of a diagram illustrating movable
reflective layer position versus applied voltage for the inter-
ferometric modulator of FIG. 1. For MEMS interferometric
modulators, the row/column (i.e., common/segment) write
procedure may take advantage of a hysteresis property of
these devices as illustrated in FIG. 3. An interferometric
modulator may use, in one example implementation, about a
10-volt potential difference to cause the movable reflective
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layer, or mirror, to change from the relaxed state to the actu-
ated state. When the voltage is reduced from that value, the
movable reflective layer maintains its state as the voltage
drops back below, in this example, 10 volts, however, the
movable reflective layer does not relax completely until the
voltage drops below 2 volts. Thus, a range of voltage,
approximately 3 to 7 volts, in this example, as shown in FIG.
3, exists where there is a window of applied voltage within
which the device is stable in either the relaxed or actuated
state. This is referred to herein as the “hysteresis window” or
“stability window.” For a display array 30 having the hyster-
esis characteristics of FIG. 3, the row/column write procedure
can be designed to address one or more rows at a time, such
that during the addressing of a given row, pixels in the
addressed row that are to be actuated are exposed to a voltage
difference of about, in this example, 10 volts, and pixels that
are to be relaxed are exposed to a voltage difference of near
zero volts. After addressing, the pixels can be exposed to a
steady state or bias voltage difference of approximately 5
volts in this example, such that they remain in the previous
strobing state. In this example, after being addressed, each
pixel sees a potential difference within the “stability window™
of'about 3-7 volts. This hysteresis property feature enables the
pixel design, such as that illustrated in FIG. 1, to remain stable
in either an actuated or relaxed pre-existing state under the
same applied voltage conditions. Since each IMOD pixel,
whether in the actuated or relaxed state, is essentially a
capacitor formed by the fixed and moving reflective layers,
this stable state can be held at a steady voltage within the
hysteresis window without substantially consuming or losing
power. Moreover, essentially little or no current flows into the
IMOD pixel if the applied voltage potential remains substan-
tially fixed.

In some implementations, a frame of an image may be
created by applying data signals in the form of “segment”
voltages along the set of column electrodes, in accordance
with the desired change (if any) to the state of the pixels in a
given row. Each row of the array can be addressed in turn,
such that the frame is written one row at a time. To write the
desired data to the pixels in a first row, segment voltages
corresponding to the desired state of the pixels in the first row
can be applied on the column electrodes, and a first row pulse
in the form of a specific “common” voltage or signal can be
applied to the first row electrode. The set of segment voltages
can then be changed to correspond to the desired change (if
any) to the state of the pixels in the second row, and a second
common voltage can be applied to the second row electrode.
In some implementations, the pixels in the first row are unat-
fected by the change in the segment voltages applied along
the column electrodes, and remain in the state they were set to
during the first common voltage row pulse. This process may
be repeated for the entire series of rows, or alternatively,
columns, in a sequential fashion to produce the image frame.
The frames can be refreshed and/or updated with new image
data by continually repeating this process at some desired
number of frames per second.

The combination of segment and common signals applied
across each pixel (that is, the potential difference across each
pixel) determines the resulting state of each pixel. FIG. 4
shows an example of a table illustrating various states of an
interferometric modulator when various common and seg-
ment voltages are applied. As will be understood by one
having ordinary skill in the art, the “segment” voltages can be
applied to either the column electrodes or the row electrodes,
and the “common” voltages can be applied to the other of the
column electrodes or the row electrodes.
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As illustrated in FIG. 4 (as well as in the timing diagram
shown in FIG. 5B), when a release voltage VCyp ., is applied
along a common line, all interferometric modulator elements
along the common line will be placed in a relaxed state,
alternatively referred to as a released or unactuated state,
regardless of the voltage applied along the segment lines, i.e.,
high segment voltage VS,, and low segment voltage VS;. In
particular, when the release voltage VCy; is applied along a
common line, the potential voltage across the modulator pix-
els (alternatively referred to as a pixel voltage) is within the
relaxation window (see FIG. 3, also referred to as a release
window) both when the high segment voltage VS,, and the
low segment voltage VS, are applied along the corresponding
segment line for that pixel.

When a hold voltage is applied on a common line, such as
a high hold voltage VC,,, 5 5 or a low hold voltage
VCyuorp_ s the state of the interferometric modulator will
remain constant. For example, a relaxed IMOD will remain in
a relaxed position, and an actuated IMOD will remain in an
actuated position. The hold voltages can be selected such that
the pixel voltage will remain within a stability window both
when the high segment voltage VS, and the low segment
voltage VS, are applied along the corresponding segment
line. Thus, the segment voltage swing, i.e., the difference
between the high VS,, and low segment voltage VS,, is less
than the width of either the positive or the negative stability
window.

When an addressing, or actuation, voltage is applied on a
common line, such as a high addressing voltage VC ,,, o0r
a low addressing voltage VC ,,,, ;, data can be selectively
written to the modulators along that line by application of
segment voltages along the respective segment lines. The
segment voltages may be selected such that actuation is
dependent upon the segment voltage applied. When an
addressing voltage is applied along a common line, applica-
tion of one segment voltage will result in a pixel voltage
within a stability window, causing the pixel to remain unac-
tuated. In contrast, application of the other segment voltage
will result in a pixel voltage beyond the stability window,
resulting in actuation of the pixel. The particular segment
voltage which causes actuation can vary depending upon
which addressing voltage is used. In some implementations,
when the high addressing voltage VC 1, , is applied along
the common line, application of the high segment voltage
VS,, can cause a modulator to remain in its current position,
while application of the low segment voltage VS, can cause
actuation of the modulator. As a corollary, the effect of the
segment voltages can be the opposite when a low addressing
voltage VC ,,, ; is applied, with high segment voltage VS,
causing actuation of the modulator, and low segment voltage
VS; having no effect (i.e., remaining stable) on the state of the
modulator.

In some implementations, hold voltages, address voltages,
and segment voltages may be used which produce the same
polarity potential difference across the modulators. In some
other implementations, signals can be used which alternate
the polarity of the potential difference of the modulators from
time to time. Alternation of the polarity across the modulators
(that is, alternation of the polarity of write procedures) may
reduce or inhibit charge accumulation which could occur
after repeated write operations of a single polarity.

FIG. 5A shows an example of a diagram illustrating a
frame of display data in the 3x3 interferometric modulator
display of FIG. 2. FIG. 5B shows an example of a timing
diagram for common and segment signals that may be used to
write the frame of display data illustrated in FIG. 5A. The
signals can be applied to a 3x3 array, similar to the array of
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FIG. 2, which will ultimately result in the line time 60e
display arrangement illustrated in FIG. SA. The actuated
modulators in FIG. 5A are in a dark-state, i.e., where a sub-
stantial portion of the reflected light is outside of the visible
spectrum so as to result in a dark appearance to, for example,
aviewer. Prior to writing the frame illustrated in FIG. 5A, the
pixels can be in any state, but the write procedure illustrated
in the timing diagram of FIG. 5B presumes that each modu-
lator has been released and resides in an unactuated state
before the first line time 60a.

During the first line time 60a: a release voltage 70 is
applied on common line 1; the voltage applied on common
line 2 begins at a high hold voltage 72 and moves to a release
voltage 70; and a low hold voltage 76 is applied along com-
mon line 3. Thus, the modulators (common 1, segment 1),
(1,2) and (1,3) along common line 1 remain in a relaxed, or
unactuated, state for the duration of the first line time 60a, the
modulators (2,1), (2,2) and (2,3) along common line 2 will
move to a relaxed state, and the modulators (3,1), (3,2) and
(3,3) along common line 3 will remain in their previous state.
With reference to FIG. 4, the segment voltages applied along
segment lines 1, 2 and 3 will have no effect on the state of the
interferometric modulators, as none of common lines 1, 2 or
3 are being exposed to voltage levels causing actuation during
line time 60a (i.e., VCyz—relax and VCpyp , ,—stable).

During the second line time 605, the voltage on common
line 1 moves to a high hold voltage 72, and all modulators
along common line 1 remain in a relaxed state regardless of
the segment voltage applied because no addressing, or actua-
tion, voltage was applied on the common line 1. The modu-
lators along common line 2 remain in a relaxed state due to the
application of the release voltage 70, and the modulators
(3,1), (3,2) and (3,3) along common line 3 will relax when the
voltage along common line 3 moves to a release voltage 70.

During the third line time 60c, common line 1 is addressed
by applying a high address voltage 74 on common line 1.
Because a low segment voltage 64 is applied along segment
lines 1 and 2 during the application of this address voltage, the
pixel voltage across modulators (1,1) and (1,2) is greater than
the high end of the positive stability window (i.e., the voltage
differential exceeded a predefined threshold) of the modula-
tors, and the modulators (1,1) and (1,2) are actuated. Con-
versely, because a high segment voltage 62 is applied along
segment line 3, the pixel voltage across modulator (1,3) is less
than that of modulators (1,1) and (1,2), and remains within the
positive stability window of the modulator; modulator (1,3)
thus remains relaxed. Also during line time 60c, the voltage
along common line 2 decreases to a low hold voltage 76, and
the voltage along common line 3 remains at a release voltage
70, leaving the modulators along common lines 2 and 3 in a
relaxed position.

During the fourth line time 60d, the voltage on common
line 1 returns to a high hold voltage 72, leaving the modula-
tors along common line 1 in their respective addressed states.
The voltage on common line 2 is decreased to a low address
voltage 78. Because a high segment voltage 62 is applied
along segment line 2, the pixel voltage across modulator (2,2)
is below the lower end of the negative stability window of the
modulator, causing the modulator (2,2) to actuate. Con-
versely, because a low segment voltage 64 is applied along
segment lines 1 and 3, the modulators (2,1) and (2,3) remain
in a relaxed position. The voltage on common line 3 increases
to a high hold voltage 72, leaving the modulators along com-
mon line 3 in a relaxed state.

Finally, during the fifth line time 60e, the voltage on com-
mon line 1 remains at high hold voltage 72, and the voltage on
common line 2 remains at a low hold voltage 76, leaving the
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modulators along common lines 1 and 2 in their respective
addressed states. The voltage on common line 3 increases to
a high address voltage 74 to address the modulators along
common line 3. As a low segment voltage 64 is applied on
segment lines 2 and 3, the modulators (3,2) and (3,3) actuate,
while the high segment voltage 62 applied along segment line
1 causes modulator (3,1) to remain in a relaxed position.
Thus, at the end of the fifth line time 60e, the 3x3 pixel array
is in the state shown in FIG. 5A, and will remain in that state
as long as the hold voltages are applied along the common
lines, regardless of variations in the segment voltage which
may occur when modulators along other common lines (not
shown) are being addressed.

In the timing diagram of FIG. 5B, a given write procedure
(i.e., line times 60a-60¢) can include the use of either high
hold and address voltages, or low hold and address voltages.
Once the write procedure has been completed for a given
common line (and the common voltage is set to the hold
voltage having the same polarity as the actuation voltage), the
pixel voltage remains within a given stability window, and
does not pass through the relaxation window until a release
voltage is applied on that common line. Furthermore, as each
modulator is released as part of the write procedure prior to
addressing the modulator, the actuation time of a modulator,
rather than the release time, may determine the line time.
Specifically, in implementations in which the release time of
a modulator is greater than the actuation time, the release
voltage may be applied for longer than a single line time, as
depicted in FIG. 5B. In some other implementations, voltages
applied along common lines or segment lines may vary to
account for variations in the actuation and release voltages of
different modulators, such as modulators of different colors.

The details of the structure of interferometric modulators
that operate in accordance with the principles set forth above
may vary widely. For example, FIGS. 6A-6E show examples
of cross-sections of varying implementations of interferomet-
ric modulators, including the movable reflective layer 14 and
its supporting structures. FIG. 6 A shows an example of a
partial cross-section of the interferometric modulator display
of FIG. 1, where a strip of metal material, i.e., the movable
reflective layer 14 is deposited on supports 18 extending
orthogonally from the substrate 20. In FIG. 6B, the movable
reflective layer 14 of each IMOD is generally square or rect-
angular in shape and attached to supports at or near the cor-
ners, on tethers 32. In FIG. 6C, the movable reflective layer 14
is generally square or rectangular in shape and suspended
from a deformable layer 34, which may include a flexible
metal. The deformable layer 34 can connect, directly or indi-
rectly, to the substrate 20 around the perimeter of the movable
reflective layer 14. These connections are herein referred to as
support posts. The implementation shown in FIG. 6C has
additional benefits deriving from the decoupling of the optical
functions of the movable reflective layer 14 from its mechani-
cal functions, which are carried out by the deformable layer
34. This decoupling allows the structural design and materials
used for the reflective layer 14 and those used for the deform-
able layer 34 to be optimized independently of one another.

FIG. 6D shows another example of an IMOD, where the
movable reflective layer 14 includes a reflective sub-layer
14a. The movable reflective layer 14 rests on a support struc-
ture, such as support posts 18. The support posts 18 provide
separation of the movable reflective layer 14 from the lower
stationary electrode (i.e., part of the optical stack 16 in the
illustrated IMOD) so that a gap 19 is formed between the
movable reflective layer 14 and the optical stack 16, for
example when the movable reflective layer 14 is in a relaxed
position. The movable reflective layer 14 also can include a



US 9,045,332 B2

13

conductive layer 14¢, which may be configured to serve as an
electrode, and a support layer 144. In this example, the con-
ductive layer 14¢ is disposed on one side of the support layer
145, distal from the substrate 20, and the reflective sub-layer
14a is disposed on the other side of the support layer 145,
proximal to the substrate 20. In some implementations, the
reflective sub-layer 14a can be conductive and can be dis-
posed between the support layer 145 and the optical stack 16.
The support layer 145 can include one or more layers of a
dielectric material, for example, silicon oxynitride (SiON) or
silicon dioxide (SiO,). In some implementations, the support
layer 145 can be a stack of layers, such as, for example, a
Si0,/SiON/Si0, tri-layer stack. Either or both of the reflec-
tive sub-layer 14a and the conductive layer 14¢ can include,
for example, an aluminum (Al) alloy with about 0.5% copper
(Cuw), or another reflective metallic material. Employing con-
ductive layers 14a, 14¢ above and below the dielectric support
layer 145 can balance stresses and provide enhanced conduc-
tion. In some implementations, the reflective sub-layer 14a
and the conductive layer 14¢ can be formed of different mate-
rials for a variety of design purposes, such as achieving spe-
cific stress profiles within the movable reflective layer 14.

As illustrated in FIG. 6D, some implementations also can
include a black mask structure 23. The black mask structure
23 can be formed in optically inactive regions (such as
between pixels or under posts 18) to absorb ambient or stray
light. The black mask structure 23 also can improve the opti-
cal properties of a display device by inhibiting light from
being reflected from or transmitted through inactive portions
of'the display, thereby increasing the contrast ratio. Addition-
ally, the black mask structure 23 can be conductive and be
configured to function as an electrical bussing layer. In some
implementations, the row electrodes can be connected to the
black mask structure 23 to reduce the resistance of the con-
nected row electrode. The black mask structure 23 can be
formed using a variety of methods, including deposition and
patterning techniques. The black mask structure 23 can
include one or more layers. For example, in some implemen-
tations, the black mask structure 23 includes a molybdenum-
chromium (MoCr) layer that serves as an optical absorber, a
layer, and an aluminum alloy that serves as a reflector and a
bussing layer, with a thickness in the range of about 30-80 A,
500-1000 A, and 500-6000 A, respectively. The one or more
layers can be patterned using a variety of techniques, includ-
ing photolithography and dry etching, including, for example,
carbon tetrafluoromethane (CF,) and/or oxygen (O,) for the
MoCr and SiO, layers and chlorine (Cl,) and/or boron
trichloride (BCl;) for the aluminum alloy layer. In some
implementations, the black mask 23 can be an etalon or
interferometric stack structure. In such interferometric stack
black mask structures 23, the conductive absorbers can be
used to transmit or bus signals between lower, stationary
electrodes in the optical stack 16 of each row or column. In
some implementations, a spacer layer 35 can serve to gener-
ally electrically isolate the absorber layer 16a from the con-
ductive layers in the black mask 23.

FIG. 6E shows another example of an IMOD, where the
movable reflective layer 14 is self supporting. In contrast with
FIG. 6D, the implementation of FIG. 6E does not include
support posts 18. Instead, the movable reflective layer 14
contacts the underlying optical stack 16 at multiple locations,
and the curvature of the movable reflective layer 14 provides
sufficient support that the movable reflective layer 14 returns
to the unactuated position of FIG. 6F when the voltage across
the interferometric modulator is insufficient to cause actua-
tion. The optical stack 16, which may contain a plurality of
several different layers, is shown here for clarity including an
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optical absorber 16a, and a dielectric 165. In some implemen-
tations, the optical absorber 16a may serve both as a fixed
electrode and as a partially reflective layer. In some imple-
mentations, the optical absorber 16a is an order of magnitude
(ten times or more) thinner than the movable reflective layer
14. In some implementations, optical absorber 16a is thinner
than reflective sub-layer 14a.

In implementations such as those shown in FIGS. 6A-6E,
the IMODs function as direct-view devices, in which images
are viewed from the front side of the transparent substrate 20,
i.e., the side opposite to that upon which the modulator is
arranged. In these implementations, the back portions of the
device (that is, any portion of the display device behind the
movable reflective layer 14, including, for example, the
deformable layer 34 illustrated in FIG. 6C) can be configured
and operated upon without impacting or negatively affecting
the image quality of the display device, because the reflective
layer 14 optically shields those portions of the device. For
example, in some implementations a bus structure (not illus-
trated) can be included behind the movable reflective layer 14
which provides the ability to separate the optical properties of
the modulator from the electromechanical properties of the
modulator, such as voltage addressing and the movements
that result from such addressing. Additionally, the implemen-
tations of FIGS. 6 A-6E can simplify processing, such as, for
example, patterning.

FIG. 7 shows an example of a flow diagram illustrating a
manufacturing process 80 for an interferometric modulator,
and FIGS. 8A-8E show examples of cross-sectional sche-
matic illustrations of corresponding stages of such a manu-
facturing process 80. In some implementations, the manufac-
turing process 80 can be implemented to manufacture an
electromechanical systems device such as interferometric
modulators of the general type illustrated in FIGS. 1 and 6.
The manufacture of an electromechanical systems device can
also include other blocks not shown in FIG. 7. With reference
to FIGS. 1, 6 and 7, the process 80 begins at block 82 with the
formation of the optical stack 16 over the substrate 20. FIG.
8A illustrates such an optical stack 16 formed over the sub-
strate 20. The substrate 20 may be a transparent substrate such
as glass or plastic, it may be flexible or relatively stiff and
unbending, and may have been subjected to prior preparation
processes, such as cleaning, to facilitate efficient formation of
the optical stack 16. As discussed above, the optical stack 16
can be electrically conductive, partially transparent and par-
tially reflective and may be fabricated, for example, by depos-
iting one or more layers having the desired properties onto the
transparent substrate 20. In FIG. 8A, the optical stack 16
includes a multilayer structure having sub-layers 16a and
165, although more or fewer sub-layers may be included in
some other implementations. In some implementations, one
of the sub-layers 16a, 165 can be configured with both opti-
cally absorptive and electrically conductive properties, such
as the combined conductor/absorber sub-layer 16a. Addition-
ally, one or more of the sub-layers 16a, 165 can be patterned
into parallel strips, and may form row electrodes in a display
device. Such patterning can be performed by a masking and
etching process or another suitable process known in the art.
In some implementations, one of the sub-layers 164, 165 can
be an insulating or dielectric layer, such as sub-layer 165 that
is deposited over one or more metal layers (e.g., one or more
reflective and/or conductive layers). In addition, the optical
stack 16 can be patterned into individual and parallel strips
that form the rows of the display. It is noted that FIGS. 8 A-8E
may not be drawn to scale. For example, in some implemen-
tations, one of the sub-layers of the optical stack, the optically
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absorptive layer, may be very thin, although sub-layers 16a,
165 are shown somewhat thick in FIGS. §A-8E.

The process 80 continues at block 84 with the formation of
a sacrificial layer 25 over the optical stack 16. The sacrificial
layer 25 is later removed (see block 90) to form the cavity 19
and thus the sacrificial layer 25 is not shown in the resulting
interferometric modulators 12 illustrated in FIG. 1. FIG. 8B
illustrates a partially fabricated device including a sacrificial
layer 25 formed over the optical stack 16. The formation of
the sacrificial layer 25 over the optical stack 16 may include
deposition of a xenon difluoride (XeF,)-etchable material
such as molybdenum (Mo) or amorphous silicon (a-Si), in a
thickness selected to provide, after subsequent removal, a gap
or cavity 19 (see also FIGS. 1 and 8E) having a desired design
size. Deposition of the sacrificial material may be carried out
using deposition techniques such as physical vapor deposi-
tion (PVD, which includes many different techniques, such as
sputtering), plasma-enhanced chemical vapor deposition
(PECVD), thermal chemical vapor deposition (thermal
CVD), or spin-coating.

The process 80 continues at block 86 with the formation of
a support structure such as post 18, illustrated in FIGS. 1, 6
and 8C. The formation of the post 18 may include patterning
the sacrificial layer 25 to form a support structure aperture,
then depositing a material (such as a polymer or an inorganic
material such as silicon oxide) into the aperture to form the
post 18, using a deposition method such as PVD, PECVD,
thermal CVD, or spin-coating. In some implementations, the
support structure aperture formed in the sacrificial layer can
extend through both the sacrificial layer 25 and the optical
stack 16 to the underlying substrate 20, so that the lower end
of the post 18 contacts the substrate 20 as illustrated in FIG.
6A. Alternatively, as depicted in F1G. 8C, the aperture formed
in the sacrificial layer 25 can extend through the sacrificial
layer 25, but not through the optical stack 16. For example,
FIG. 8E illustrates the lower ends of the support posts 18 in
contact with an upper surface of the optical stack 16. The post
18, or other support structures, may be formed by depositing
a layer of support structure material over the sacrificial layer
25 and patterning portions of the support structure material
located away from apertures in the sacrificial layer 25. The
support structures may be located within the apertures, as
illustrated in FIG. 8C, but also can, at least partially, extend
over a portion of the sacrificial layer 25. As noted above, the
patterning of the sacrificial layer 25 and/or the support posts
18 can be performed by a patterning and etching process, but
also may be performed by alternative etching methods.

The process 80 continues at block 88 with the formation of
a movable reflective layer or membrane such as the movable
reflective layer 14 illustrated in FIGS. 1, 6 and 8D. The
movable reflective layer 14 may be formed by employing one
or more deposition steps including, for example, reflective
layer (such as aluminum, aluminum alloy, or other reflective
layer) deposition, along with one or more patterning, mask-
ing, and/or etching steps. The movable reflective layer 14 can
be electrically conductive, and referred to as an electrically
conductive layer. In some implementations, the movable
reflective layer 14 may include a plurality of sub-layers 14a,
1454, 14¢ as shown in FIG. 8D. In some implementations, one
or more of the sub-layers, such as sub-layers 14qa, 14¢, may
include highly reflective sub-layers selected for their optical
properties, and another sub-layer 145 may include a mechani-
cal sub-layer selected for its mechanical properties. Since the
sacrificial layer 25 is still present in the partially fabricated
interferometric modulator formed at block 88, the movable
reflective layer 14 is typically not movable at this stage. A
partially fabricated IMOD that contains a sacrificial layer 25
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may also be referred to herein as an “unreleased” IMOD. As
described above in connection with FIG. 1, the movable
reflective layer 14 can be patterned into individual and paral-
lel strips that form the columns of the display.

The process 80 continues at block 90 with the formation of
acavity, such as cavity 19 illustrated in FIGS. 1, 6 and 8E. The
cavity 19 may be formed by exposing the sacrificial material
25 (deposited at block 84) to an etchant. For example, an
etchable sacrificial material such as Mo or amorphous Si may
be removed by dry chemical etching, by exposing the sacri-
ficial layer 25 to a gaseous or vaporous etchant, such as vapors
derived from solid XeF,, for a period of time that is effective
to remove the desired amount of material. The sacrificial
material is typically selectively removed relative to the struc-
tures surrounding the cavity 19. Other etching methods, such
as wet etching and/or plasma etching, also may be used. Since
the sacrificial layer 25 is removed during block 90, the mov-
able reflective layer 14 is typically movable after this stage.
After removal of the sacrificial material 25, the resulting fully
or partially fabricated IMOD may be referred to herein as a
“released” IMOD.

Implementations described herein relate to glass packag-
ing of electromechanical systems devices such as IMODs and
other MEMS or NEMS devices. In some implementations,
methods of encapsulating MEMS devices are described.
Encapsulation of MEMS devices can provide a controlled
atmosphere for operation of the devices. In some implemen-
tations, the methods are batch wafer or panel encapsulation
processes performed prior to die singulation. While imple-
mentations of the methods of encapsulation and the resulting
packaged devices are described chiefly in the context of pack-
aging of MEMS devices, the methods and packages are not so
limited and may be applied in other contexts in which a
package of is employed, for example in packaging of NEMS
or other EMS devices, integrated circuit (IC) devices or other
devices.

Batch level encapsulation of MEMS devices refers to
encapsulating a plurality of MEMS devices simultaneously.
In some implementations, certain operations in a batch level
encapsulation process are performed once for the plurality of
MEMS devices, rather than performed separately for each
device. In some implementations, the batch level processes
involve encapsulating a plurality of devices that have been
fabricated on a wafer, panel or other substrate prior to singu-
lation of the wafer, panel or other substrate into individual
dies. In some implementations, the batch level methods
involve providing a cover glass and a device substrate, the
device substrate including a plurality of devices and the cover
glass configured to encapsulate at least some of the plurality
of devices. While the below discussion refers to the device
substrate as including a glass substrate with an array of
MEMS devices, it is understood that substrates other than
glass may be used. For example, plastic or silicon substrates
may be used. Similarly, while the below discussion refers to
the cover glass, it is understood dielectric materials other than
glass may be used. In some implementations, a device sub-
strate material has a coefficient of thermal expansion (CTE)
that matches a cover material.

FIG. 9 shows an example of a simplified schematic illus-
tration of a device substrate and a cover glass prior to encap-
sulation. In the example of FIG. 9, device substrate 100
includes MEMS devices 106 arrayed on a top surface 104 of
glass substrate 102. In some implementations, each of the
MEMS devices 106 is configured for eventual singulation
into a die. Examples of MEMS devices 106 include IMODs,
gyroscopes, accelerometers, pressure and other kinds of sen-
sors, microphones, microspeakers, and the like. In addition to
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MEMS devices, any number of other components such as
pads, traces, interconnects and the like may be present on any
surface of or through the device substrate 100. Any number of
MEMS devices 106 may be arrayed or otherwise arranged on
the top surface 104 of glass substrate 102. For example, tens,
hundreds, thousands or more MEMS devices may be fabri-
cated or arranged on a single substrate. In some implementa-
tions, the MEMS devices 106 may be singulated from the
substrate or substrates that the MEMS device 106 were fab-
ricated on and then attached to the glass substrate 102. The
devices and associated components may all be the same or
may differ across the substrate according to the desired imple-
mentation. The height of MEMS devices 106 may be, for
example, between about 0.1 microns and 100 microns. For
example, a MEMS device may have a height of between about
0.2 microns and 25 microns.

In some implementations glass substrate 102 is a planar
substrate having substantially parallel opposing surfaces and
may be of any appropriate area and thickness. For example, in
some implementations, a device substrate such as a glass
plate or panel having an area on the order of four square
meters or greater is provided with a thickness, for example, of
0.3, 0.5, or 0.7 millimeters. Alternatively, round substrates
with diameters of 100 millimeters, 150 millimeters, or other
diameters may be provided. In some other implementations,
square or rectangular sub-panels cut from a larger panel of
glass or other substrate material may be provided. In some
implementations, the substrate thickness may be between
about 300 and 700 microns, such as 500 microns, though
thicker or thinner substrates can be used according to the
desired implementation. In some implementations, the pack-
aged, encapsulated MEMS device, including the substrate, is
configured to mount onto a printed circuit board (PCB) after
singulation.

Glass substrate 102 may be transparent, such as transparent
substrate 20 described above with respect to FIGS. 6A-6E
and 8A-8E, or may be non-transparent. Glass substrate 102
may be or include, for example, a borosilicate glass, a soda
lime glass, quartz, Pyrex, or other suitable glass material. In
other implementations, the device substrate may be an insu-
lating non-glass material. For example, a device substrate can
include a plastic or silicon substrate having a plurality of
devices disposed thereon.

Cover glass 117 is a planar substrate having substantially
parallel opposing interior and exterior surfaces. Interior sur-
face 115 of cover glass 117 will be on the interior of the
package formed by joining the cover glass 117 to the device
substrate 100, with the exterior surface (not shown) on the
exterior of the package. Interior surface 115 is configured to
be joined to top surface 104 of device substrate 100. In the
example of FIG. 9, cover glass 117 includes a plurality of
cavities 110 in interior surface 115 configured to accommo-
date MEMS devices 106 of device substrate 100. In some
implementations, a device substrate can include cavities that
accommodate the MEMS devices (not shown). A cover glass
covering such MEMS devices may or may not include cavi-
ties in the surface joined to the device substrate according to
the desired implementation.

The cover glass can be sealed to the device substrate to
provide a seal surrounding each device. In some implemen-
tations the seals are narrow, being about 100 microns to about
1 mm in width. In some implementations, a seal including
joined metal rings is between about 100 and 500 microns in
width, for example between about 100 and 200 microns in
width.

In some implementations, the cover glass includes inte-
grated electrical connectivity. For example, in some imple-
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mentations, the cover glass includes conductive interconnects
that extend through the cover glass and are configured to
provide a point of electrical connection to the MEMS device.
As such, the cover glass can serve as a back glass with inte-
grated electrical connectivity for a device formed on a device
substrate.

Cover glass 117 may be of any appropriate area. For
example, in some implementations, the cover glass has an
area on the order of four square meters or greater. Alterna-
tively, round substrates with diameters of 100 millimeters,
150 millimeters, or other diameters may be provided. In some
implementations, cover glass 117 is approximately the same
area and shape as glass substrate 102 of device substrate 100.
In the example of FIG. 9, cover glass 117 includes one cavity
110 for each MEMS device 106. In other implementations,
the area of the cover glass 117 may be smaller than that of the
device substrate. In some such implementations, the cover
glass 117 is configured to encapsulate fewer devices than the
number of devices on the device substrate. In these imple-
mentations, multiple cover glasses can be used to encapsulate
the MEMS devices. Cover glass 117 has a thickness of
between about 30 and 150 microns, for example, between
about 30 and 100 microns. Also as described further below, in
some implementations, cover glass 117 can be attached to a
carrier substrate (not shown) to facilitate handling prior to and
during the joining process.

FIG. 10 shows an example of a flow diagram illustrating a
process for encapsulating devices with a cover glass. FIGS.
11A-11F show examples of cross-sectional schematic illus-
trations of various stages of in a method of encapsulating a
device with a cover glass. Further details and examples of
forming cover glasses are given below with respect to FIGS.
14-16J.

In FIG. 10, a process 120 begins at block 122 by providing
a device substrate. A device substrate is a substrate that has
one or more devices disposed thereon. Examples of device
substrates are described above with respect to FIG. 9. In some
implementations, the devices are or include one or more
MEMS devices previously fabricated on, attached to or
placed on the device substrate. In some implementations, the
substrate is substantially planar having substantially parallel
major surfaces (also referred to as top and bottom surfaces).
Each surface may include various recessed or raised features.
For example, a surface may include cavities to accommodate
devices or components thereof.

FIG. 11A is an example of a cross-sectional illustration of
a portion of a device substrate. (It should be noted that the
geometry is not shown to scale with the illustration expanded
the z-direction.) The depicted portion includes one repeating
unit of a device substrate 100, including MEMS device 106
and associated components on top surface 104 of a glass
substrate 102. In some implementations the entire device
substrate (not shown) includes a plurality of such devices
arrayed on top surface 104. In the example depicted in FIG.
11A, the associated components include bond pads 114 and
metal routing 118. Bond pads 114 are metallized areas to
which connections can be made. In some implementations,
bond pads 114 are configured to connect to metal routing the
cover glass, a described further below. Metal routing 118
provides electrical connection from MEMS device 106 to
bond pads 114. The presence, number and arrangement of
components such as bond pads, routing and the like may vary
according to the desired implementation. A joining ring 1164
surrounds MEMS device 106. As described further below
with referenceto FIG. 11D, joining ring 1164 provides a point
of attachment for the cover glass such that a seal is formed
around the periphery of the device 106.
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Returning to FIG. 10, the process 120 continues at block
124 with providing a cover glass releasably attached to a
carrier substrate. The cover glass and the carrier substrate
together may be referred to as a “cover plate.” Implementa-
tions of methods of forming a cover plate are discussed fur-
ther below with respect to FIG. 14-16J. In some implemen-
tations, forming a cover plate can include forming a sacrificial
layer on a sacrificial substrate and then forming glass on the
sacrificial layer, as will be described in further detail with
reference to FIG. 14. FIG. 11B is an example of a cross-
sectional illustration of a portion of a cover plate 108. The
depicted portion includes one repeating unit of a cover plate
108 including cover glass 117 attached to carrier substrate
112. It should be noted that the geometry is not shown to scale
with the illustration expanded the z-direction to show details
of'the cover glass 117. The carrier substrate can be any appro-
priate material, including glass or plastic, and can be trans-
parent or non-transparent. In some implementations, carrier
substrate 112 is significantly thicker than the cover glass 117
to facilitate handling. Example thicknesses of a carrier sub-
strate 112 are between 300 and 1000 microns, for example,
between 500 and 700 microns, while an example thickness
provided for comparison of a cover glass 117 includes less
than 100 microns, for example, about 50 microns.

In the example of FIG. 11B, cover plate 108 includes a
removable layer 131. Removable layer 131 is disposed
between cover glass 117 and carrier substrate 112. Remov-
able layer 131 can include a removable bonding layer for
bonding the cover glass 117 to the carrier substrate 112.
Removable layer 131 can include a material that is removable
from at least cover glass 117 upon exposure to chemical
etchants, laser irradiation, electromagnetic irradiation, heat,
mechanical force or other removal mechanism. Examples of
removable layers include polymer adhesives, photoresists
materials, thin metal layers and the like. Depending on the
removal mechanism, the carrier substrate 112 can include one
or more features configured to facilitate removal. In the
example of FIG. 11B, carrier substrate 112 includes openings
337 to introduce a wet etchant. In some implementations, the
carrier substrate can be transparent to allow exposure to laser
or other irradiation. In some implementations, carrier sub-
strate can be releasably attached to cover glass 117 without an
intermediate removable layer.

Cover glass 117 includes a cavity 110 recessed from planar
surface 115a configured to accommodate device 106 on
device substrate 100, as well as a joining ring 1165 that
surrounds cavity 110. Joining ring 1165 provides a point of
attachment to the device substrate 100. Cover glass 117 also
includes interconnects 331 configured to provide a conduc-
tive pathway from MEMS device 106, once the cover glass is
joined to the device substrate, to exterior surface 113 of cover
glass 117. In the example of FIG. 11B, interconnects 331
extend through cover glass 117 and include solderable mate-
rial 339. Solderable material 339 is disposed on the ends of
interconnects 331 at the exterior surface 113 of cover glass
117 and may be useful to facilitate connections to external
components such as printed circuit boards (PCBs), applica-
tion-specific integrated circuits (ASICs) and the like.

Cover glass 117 also includes routing 333 configured to
electrically connect bond pads 114 of device substrate 100
and interconnects 331 of cover glass 117. In the example of
FIG. 11B, routing 333 conformally extends from planar sur-
face 115a of cover glass 117 to planar surface 1155 of cavity
110, including rounded portion 341 conforming to a rounded
portion of the interior surface of cover glass 117.

In the example of FIG. 11B, the depicted portion or unit of
cover glass 117 is configured to encapsulate one device 106.
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The entire cover glass includes two or more units, each
including routing and one or more interconnects, arrayed or
otherwise appropriately arranged such that they can be
aligned with two or more devices on a device substrate. In
some implementations, a unit of the cover glass 117 may be
configured to encapsulate more than one device, including
MEMS devices and other devices.

Returning to FIG. 10, the process 120 continues at block
126 with alignment of the cover plate and the device sub-
strate. The cover plate and device substrate are aligned such
that the cover glass is positioned over the device substrate.
Aligning the cover plate and the device substrate can involve
standard flip-chip placement techniques, including the use of
alignment marks and the like. FIG. 11C is a cross-sectional
illustration of alignment of cover plate 108 with device sub-
strate 100. Cover plate 108 is positioned over device substrate
100 such that cavity 110 of cover glass 117 is disposed over
MEMS device 106, joining ring 1165 of cover glass 117 is
aligned with joining ring 116a of device substrate 100, and
bond pads 114 are aligned with a portion of routing 333 that
extends from cavity 110 to outside cavity 110 on interior
surface 115.

The process 120 continues at block 128 with joining the
cover glass to the device substrate. Some or all devices on a
device substrate can be simultaneously encapsulated in a
joining operation. Methods of joining the cover glass to the
device substrate include solder bonding, adhesive bonding,
and thermocompression. Solder bonding involves contacting
the joining ring of a device substrate to a solder paste or other
solderable material in the presence of heat. In some imple-
mentations, a solder pasteis applied to the joining rings on the
device substrate and cover glass prior to joining. One type of
solder bonding that can be used is eutectic metal bonding,
which involves forming a eutectic alloy layer between the
joining rings. Examples eutectic alloys that may be used
include copper/tin (CuSn), gold/tin (AuSn), copper/tin/bis-
muth (CuSnBi), copper/tin/indium (CuSnln), indium/bis-
muth (InBi), and silver/indium (Agln). In some implementa-
tions, the joining rings are made of metals that form a eutectic
alloy when joined. Adhesive bonding involves contacting the
cover glass and the device substrate to an epoxy or other
adhesive. Thermocompression bonding involves applying
pressure and heat to join the joining rings in an absence of an
intermediate material.

Joining process conditions such as temperature and pres-
sure can vary according to the particular joining method and
desired characteristics of the encapsulation area. For
example, for eutectic or solder bonding, the joining tempera-
ture can range from about 100° C. to about 500° C. as appro-
priate. Example temperatures are about 150° C. for InBi
eutectic, 225° C. for CuSn eutectic and 305° C. for AuSn.

For an adhesive bond, heat, radiation such as ultraviolet
radiation or pressure may be applied to form an epoxy bond or
other adhesive bond according to the desired implementation.
In some implementations, a joining ring includes an epoxy or
other polymer adhesive. The width of an epoxy joining ring is
sufficient to provide an adequate seal and can vary according
to the desired implementation. In some implementations, a
width of an epoxy joining ring is between about 50 microns
and 1000 microns. In some implementations, an epoxy join-
ing ring having a width of about 500 microns or greater
provides a quasi-hermetic seal. In some other implementa-
tions, an epoxy joining ring provides a non-hermetic seal. A
thickness of an epoxy joining ring can range from about 1-500
microns thick. In some implementations, a UV-curable or
heat curable epoxy is used. Examples of UV-curable epoxies
include XNR5570 and XNRS5516 epoxies from Nagase
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ChemteX Corp., Osaka, Japan. An epoxy or other polymer
adhesive can be screen printed or otherwise dispensed on one
or both of a cover glass or glass substrate prior to joining the
cover glass to the glass substrate. An epoxy seal can be
formed when the cover glass and the glass substrate are then
brought into contact and the epoxy is cured.

In some implementations, the joining operation involves
setting a defined pressure in the encapsulated area. This may
involve pumping a gas in or out of a chamber in which the
joining occurs to set the desired pressure. After the joining
operation, the pressure in the encapsulated area to which the
MEMS device is exposed can be below atmospheric, above
atmospheric or at atmospheric pressure. The composition of
the gas also can be tailored to a desired composition. For
example, a desired inert gas composition and pressure to
damp a proof mass of a MEMS accelerometer can be set
during the joining process.

FIG. 11D is a cross-sectional illustration of cover plate 108
joined to device substrate 100. In the example of FIG. 11D,
joining rings 1164 and 1165 of the device substrate 100 and
cover glass 117, respectively, are joined by solder reflow to
form a seal 343. Cover glass 117 encapsulates MEMS device
106. In some implementations, cover glass 117, along with
glass substrate 102 and seal 343, isolates MEMS device 106
from the ambient environment. In some implementations,
one or more access ports (not shown) in cover glass 117
and/or glass substrate 102 provide access to MEMS device
106. In some implementations, one or more breaks in seal 343
can provide access to MEMS device 106. Metal routing 118
of device substrate 100 contacts routing 333 of cover glass
117, thereby providing a conductive pathway from MEMS
device 106 to interconnects 331.

The process 120 continues at block 130 with release of the
cover glass, now joined to the device substrate, from the
carrier substrate. Releasing the cover glass can involve selec-
tively etching or otherwise removing a removable layer that
attaches the cover glass to the carrier substrate. FIG. 11E is a
cross-sectional illustration of release of carrier substrate 112
from cover glass 117. Removable layer 131, depicted in
FIGS. 11B-11D, is no longer present, having been etched by
an etchant introduced via openings 337. Carrier substrate 112
can be attached to another cover glass for joining to another
device substrate or discarded according to the desired imple-
mentation. FIG. 11F is a cross-sectional schematic of the
encapsulated MEMS device 107. Device substrate 100,
including encapsulated MEMS device 107, is ready for fur-
ther processing operations with interconnects 331 providing a
point for electrical connection to the device 107. As indicated
above, in some implementations an encapsulation process as
described with reference to FIGS. 10 and 11A-11F is a batch
level process in which all or at least a plurality of devices on
a device substrate are encapsulated as a batch prior to singu-
lation. In other implementations, the encapsulation process
can be performed to encapsulate an individual device. The
distance from the edge of the device substrate 100 to the seal
343 can vary according to the desired implementation. Prior
to singulation, if performed, the distance is large enough to
accommodate a dicing line. In some implementations, little
glass is left outside of the seal 343 after singulation, though it
can be useful to avoid nicking the seal 343 during singulation
by providing some tolerance.

FIG. 12 shows an example of a flow diagram illustrating a
process for fabricating individual dies using a batch level
encapsulation process. FIGS. 13A and 13B show examples of
schematic illustrations of various stages of a batch level pro-
cess of fabricating individual dies including encapsulated
devices. InFIG. 12, a process 140 begins at block 142 with the
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encapsulation of a plurality of devices on a device substrate.
In some implementations, encapsulating a device of a device
substrate includes one or more blocks of process 120 dis-
cussed above with reference to FIGS. 10 and 11A-11F. Pro-
cess 140 continues at block 144 with releasing a carrier sub-
strate, which is discussed above with reference to block 130
of FIG. 10, and further below. The process 140 continues at
block 146 by singulating the devices from the device sub-
strate to form individual dies, each die including an encapsu-
lated device. FIG. 13A is a plan schematic depiction of a
device substrate 100 prior to singulation. Device substrate
100 includes encapsulated devices 107, which are arrayed on
the device substrate 100. A cover glass (not shown) covers
encapsulated devices 107 and includes interconnects as
described above. Dicing lines 136 indicate the desired cut
locations. FIG. 13B is a plan schematic depiction of singu-
lated individual dies 138, each die including an encapsulated
device 107. In some implementations, the cut through the
dicing lines 136 is about 200 microns to 300 microns wide.

Returning to FIG. 12, the process 140 can continue in block
148 with further packaging the individual dies. Further pack-
aging an individual die can include forming an electrical
connection to the interconnects 331 of a cover glass 117 (see
FIG. 11E), which in turn provides an electrical connection to
the encapsulated MEMS device 107, attaching the die to an
integration substrate, and covering the die with an overmold
material. Forming an electrical connection can involve tech-
niques such as wire bonding and flip-chip attachment using
solder balls. In some implementations, the die is attached to
an integration substrate, such as printed circuit board (PCB),
along with an application specific integrated circuit (ASIC).

Further details of implementations of certain operations of
the process flows described in FIGS. 10 and 12 are given
below. As indicated above, some implementations include
providing a device substrate. The device substrate includes
one or more devices disposed on a substrate and can include
associated components such as bond pads, metal traces and
the like. One example of a device substrate is described above
with reference to FIG. 11A. In some implementations, the
device substrate includes a joining ring surrounding a device,
and at which a cover glass can be joined to the device sub-
strate. The material or materials that form the joining ring can
vary according to method of joining and the desired imple-
mentation. For example, in some implementations, the join-
ing ring can include a solderable metallurgy. Examples of
solderable metallurgies include nickel/gold (Ni/Au) bilayers,
nickel/palladium (Ni/Pd) bilayers, nickel/palladium/gold
(Ni/Pd/Au) trilayers, copper (Cu), and gold (Au). In some
implementations, the joining ring has a different metalliza-
tion than that of a removable layer used in fabricating the
cover plate. For example, if a Cu-based removable layer is
employed, the joining ring is not Cu-based in some imple-
mentations. This is to preserve etch selectivity of the remov-
able layer with respect to the joining ring. In some implemen-
tations, the joining ring has the same metallization as a
corresponding joining ring on the cover glass. In some imple-
mentations, the joining ring includes an epoxy or polymer
adhesive material in addition or instead of a metal.

The joining ring may be shaped in any appropriate manner
and is generally shaped and sized to correspond to a joining
ring on the cover glass to which it is configured to be joined.
Examples of joining ring shapes include circles, ovals,
squares, rectangles, rectangles with rounded corners, etc. In
some implementations, a joining ring is formed such that it
completely surrounds a device. In various implementations,
the joining ring can be unbroken or can include breaks.
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The width of the joining ring is sufficient to provide an
adequate seal and can vary according to method of joining
and the desired implementation. The seal can be hermetic or
non-hermetic according to the desired implementation. In
some implementations, the width is less than 1 millimeter. In
some implementations in which solder or eutectic joining is
performed, it is possible to provide adequate seals with
widths less than about 200 microns. In some implementa-
tions, the width of a joining ring is larger than the desired
width of the seal to accommodate CTE mismatch between a
device substrate and a cover glass during the joining process.
In some implementations, a device substrate does not include
a joining ring prior to encapsulation. For example, an epoxy
may be applied to the cover glass only without applying any
epoxy to the device substrate prior to joining.

In some implementations, the device substrate 100
includes bond pads 114 and conductive routing 118 for con-
nection to interconnects 331 in a cover glass 117. Bond pads
and conductive routing may include any appropriate electri-
cally conductive materials. Examples of appropriate materi-
als include Ni, Ni/Au bilayers, Ni/Pd bilayers, Ni/Pd/Au
trilayers, Cu and Au. As with the joining ring, the metalliza-
tion of bond pads and conductive routing can be different than
that used for a removable layer of a cover plate, ifany. Insome
implementations, the bond pads, conductive routing and join-
ing ring can be the same metal and can be formed in the same
metallization process. Formation of the joining ring, bond
pads, conductive routing and other components of the device
substrate can occur as part of the MEMS fabrication process,
or prior to or after the MEMS fabrication process.

FIG. 14 shows an example of a flow diagram illustrating a
process for forming a cover plate. An overview of a process
according to some implementations is given in FIG. 14, with
examples of specific implementations described further
below with reference to FIGS. 15A-16J. The process 170
begins at block 172 with providing a sacrificial substrate. The
sacrificial substrate is a substrate on which a sacrificial mate-
rial is formed to define surface features of the cover glass. The
sacrificial substrate can be glass, plastic, silicon or other
appropriate material and have a thickness of about 300-1000
microns, for example. As described below, the cover glass is
formed on the sacrificial substrate. Accordingly, the area of
the sacrificial substrate is typically at least as large as the
desired area of the cover glass. For example, in some imple-
mentations, a sacrificial substrate such as a glass plate or
panel having an area on the order of four square meters or
greater is provided with a thickness, for example, of 300
microns, 500 microns or 700 microns. Alternatively, round
substrates with diameters of 100 millimeters, 150 millime-
ters, or other diameters may be provided. In some implemen-
tations, square or rectangular sub-panels cut from a larger
panel of glass or other substrate material may be provided as
a sacrificial substrate. In some implementations, the sacrifi-
cial substrate is provided in a roll of a flexible polymeric or
other flexible material. For example, the sacrificial substrate
can be provided in a continuous roll of material as part of a
roll-to-roll process of forming a cover glass. Other substrate
materials and thicknesses can be used, including any sub-
strate on which a sacrificial material can be formed.

The process 170 continues at block 172 with formation of
a sacrificial layer on the sacrificial substrate. The sacrificial
layer can function as a mold on which the cover glass is
formed and includes topological features shaped to define
cavities and/or other desired features of the cover glass. In
some implementations, the sacrificial layer coats the surface
of'the sacrificial substrate on which the cover glass is formed,
such that removal of the sacrificial layer releases the sacrifi-
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cial substrate from the cover glass. Examples of sacrificial
materials that can be used to form the sacrificial layer include
metals, semiconductors, and acrylics. For example, the sac-
rificial material can be a material removable by a wet or dry
etching such as copper, molybdenum, aluminum, and amor-
phous silicon may be used. In another example, the sacrificial
material can be a material removable by exposure to radiation
orthermal treatment such as a UV-removable acrylic. In some
implementations, the sacrificial layer can be formed from a
combination of different sacrificial materials. For example, a
first sacrificial material can be used to coat a surface of the
sacrificial substrate with a second sacrificial material used to
form topological features according to the desired implemen-
tation.

In some implementations, the sacrificial layer includes
raised features arranged to mold cavities in a cover glass as
described above with respect to FIGS. 9 and 11B. In some
implementations, the sacrificial layer is substantially planar
without raised features. For example, if devices on a device a
substrate are disposed within cavities on the device substrate,
a cover glass configured to encapsulate these devices may
have a substantially planar interior surface, without cavities
formed therein. Accordingly, a sacrificial layer used to mold
the cover glass can be substantially planar.

The process 170 continues at block 174 with formation of
non-glass components of the cover glass. Non-glass compo-
nents of the cover glass can include conductive interconnects,
routing, a joining ring, and the like according to the desired
implementation. In some implementations, metal intercon-
nects are plated. The interconnects can be posts, pillars, or
other features that extend from the sacrificial material, and
can eventually extend from opposing surfaces of the cover
glass once the cover glass is formed. Interconnect placement
can vary according to the desired implementation. For
example, in some implementations, an interconnect is dis-
posed over a raised feature of the sacrificial layer such that it
will be over a recessed feature of the subsequently formed
cover glass once the sacrificial layer is removed. In another
example, an interconnect is disposed adjacent to a raised
feature of the sacrificial layer such that it will be adjacent to a
recessed feature of the subsequently formed cover glass once
the sacrificial layer is removed. In some implementations,
metal routing and/or a joining ring is formed prior to, during
or after formation of the metal interconnects. In some imple-
mentations, various non-glass components of the cover glass
may be formed during or after subsequent blocks of the pro-
cess 170. Blocks 172 and 174 can include various aspects of
process 230 discussed further below with reference to FIG.
15A.

The process 170 continues at block 176 with formation of
a spin-on dielectric, for example a spin-on glass (SOG) layer.
Spin-on dielectric refers to any solid dielectric deposited by a
spin-on deposition process, which also may be referred to as
a spin coating process. In a spin-on deposition process, a
liquid solution containing dielectric precursors in a solvent is
dispensed on the sacrificial layer. The sacrificial substrate
may be rotated while or after the solution is dispensed to
facilitate uniform distribution of the liquid solution during
rotation by centrifugal forces. Rotation speeds of up to 6000
rpm may be used. In some implementations, for example for
large panel processes, the spin-on glass can be dispensed with
an extrusion mechanism using a blade type nozzle, with no
subsequent spinning. The dispensed solution can then be
subjected to one or more post-dispensation operations to
remove the solvent and form the solid dielectric layer. In some
implementations, the dielectric precursor is polymerized dur-
ing a post-dispensation operation. The spin-on dielectric
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layer can be an organic or inorganic dielectric layer according
to the dielectric precursor used and the desired implementa-
tion. In some implementations, multiple layers can be dis-
pensed and cured to build up the spin-on dielectric layer. In
implementations where the device substrate discussed above
is glass, it can be useful to use a dielectric that, once solidified,
has a CTE that is matched with the CTE of the glass device
substrate. Hence, in some implementations, the spin-on
dielectric is a SOG layer. The following discussion will focus
on implementations using SOG layers, although it is under-
stood that other dielectric layers are possible.

Examples of dielectric precursors include doped or
undoped silicates, siloxanes, and silsesquioxanes. Examples
of dopants, if used, include boron and phosphorous.
Examples of solvents include water and alcohols such as
ethanol or isoproponal, or combinations thereof. Liquid solu-
tions may be fabricated or obtained commercially. The dis-
pensed liquid covers and conforms to the topology of the
underlying sacrificial layer and non-glass components well,
without significant voids. The top surface of the dispensed
liquid can be substantially planar.

In some implementations, a post-dispensation operation
includes a thermal anneal at a temperature of between about
100° C. 10 450° C. In some implementations, a single dispen-
sation operation can performed to form the SOG layer. In
some implementations, multiple dispensation/post-dispensa-
tion operation cycles can be performed to form the SOG layer.
The SOG layer can be dispensed to a thickness greater than
the desired thickness of the cover glass to accommodate
shrinkage during anneal and subsequent planarization. Target
cover glass thicknesses can range from about 30 microns to
about 200 microns. In some implementations, a target cover
glass thickness is between about 50 microns and 150 microns.
The SOG layer may cover interconnects or other non-glass
components formed in operation 174.

The process 170 continues at block 178 with planarization
of'the SOG layer. In some implementations, after formation,
the surface of the SOG layer may include bumps over the
raised features of the sacrificial layer, interconnects or other
components of formed on the sacrificial layer. The SOG layer
can be planarized such that surfaces of the interconnects are
exposed and accessible for electrical connection. Planarizing
the SOG layer can include one or more operations including
lapping, grinding, chemical mechanical planarization
(CMP), an anisotropic dry etch, or another appropriate
method.

The process 170 continues at a block 180 with attachment
of'a carrier substrate to the planarized SOG layer. The carrier
substrate can be attached to the planarized SOG layer using a
removable layer. Examples of removable layers include pho-
toresist material removable by exposure to the appropriate
developer chemistry and laser-cleavable polymers.

The process 170 continues at block 182 with release of the
sacrificial substrate. Releasing the sacrificial substrate can
occur by etching or otherwise removing the sacrificial layer.
In some implementations, once the sacrificial substrate is
released, the cover plate, including a cover glass releasably
attached to a carrier substrate, is fabricated and ready for
alignment with a device substrate. The sacrificial substrate
can be reused or discarded according to the desired imple-
mentation. Blocks 176-182 can include various aspects of
process 230 discussed further below with reference to FIG.
15B.

Specific implementations of processes for forming cover
plates are discussed below with reference to FIGS. 15A, 15B
and 16A-16J. FIGS. 15A and 15B show examples of flow
diagrams illustrating a process for forming a cover plate. FIG.
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15A shows an example of a flow diagram illustrating certain
operations in performing blocks 172 and 174 of FIG. 14. FIG.
15B shows an example of a flow diagram illustrating certain
operations in performing blocks 176-182 of FIG. 14. FIGS.
16A-16J show examples of cross-sectional schematic illus-
trations of various stages in a method of forming a cover plate.

Firstturning to FIG. 15A, a process 230 begins at block 232
with depositing a metal seed layer on a sacrificial substrate.
The sacrificial substrate can be any appropriate area and
shape. In some implementations, the sacrificial substrate is
approximately the same area and shape as a device substrate
onwhich the devices to be encapsulated are disposed. Insome
implementations, the sacrificial substrate can have a thick-
ness of about 300-1000 microns, for example. The sacrificial
substrate includes a surface on which a sacrificial layer is
formed in one or more subsequent operations. The sacrificial
substrate can be glass, plastic, silicon or other material on
which a metal sacrificial layer can be plated.

The metal seed layer provides a conductive substrate on
which a metal layer can be plated. In the example of FIG.
15A, the metal seed layer acts as a part of the sacrificial layer
as well as a seed layer for subsequent plating of raised fea-
tures of the sacrificial layer. The surface on which the metal
seed layer is deposited can be planar or include raised or
recessed features according to the desired implementation.
The metal seed layer is generally conformal to the underlying
sacrificial substrate surface. Examples of metals include cop-
per (Cu), aluminum (Al), gold (Au), niobium (Nb), chro-
mium (Cr), tantalum (Ta), nickel (Ni), tungsten (W), titanium
(Ti) and silver (Ag). In some implementations, an adhesion
layer is conformally deposited on a surface of the sacrificial
substrate prior to deposition of the metal seed layer. For
example, for a copper (Cu) seed layer, examples of adhesion
layers include chromium (Cr) and titanium (T1). The adhesion
layer and seed layer may be deposited by sputter deposition
though other conformal deposition processes, including
atomic layer deposition (ALD), evaporation and other chemi-
cal vapor deposition (CVD) or physical vapor deposition
(PVD) processes may be used. Example thicknesses of the
adhesion layer range from about 100 Angstroms (A) to about
500 A, or more particularly from about 150 A to 300 A,
though the adhesion layer can be thinner or thicker according
to the implementation. Example seed layer thicknesses range
from 800 A to 10,000 A, or more particularly from about
1,000 A to about 5,000 A, though the metal seed layer can be
thinner or thicker according to the desired implementation. In
one example, a Cr adhesion layer having a thickness of 150 A
and a Cu seed layer having a thickness of 1,000 A is depos-
ited.

FIG. 16A is an example of a cross-sectional illustration of
a portion of a sacrificial substrate having a metal seed layer
deposited thereon. (It should be noted that the geometry is not
shown to scale with the illustration expanded the z-direction
to show details.) In the example of FIG. 16A, a metal seed
layer 402 is deposited across a planar surface of sacrificial
substrate 406.

The process 230 continues at block 234 with application
and patterning of a resist. The resist is applied on the metal
seed layer surface and patterned to define the areas which will
be plated to form raised features of the sacrificial layer. Any
appropriate resist can be used including dry film, liquid and
epoxy-based resists. The resist can be patterned by techniques
including masked exposure to radiation and chemical devel-
opment.

The process 230 continues at block 236 with plating raised
features of the sacrificial layer. As described above, the sac-
rificial layer includes raised features arranged and shaped to
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define cavities of the cover glass that are formed when the
sacrificial layer is removed. The raised features can be plated
using electroless plating or electroplating as appropriate for
the material used in the particular implementation. Any
appropriate metal material may be used. As discussed below
with reference to operation 240, in some implementations the
sacrificial layer has a different metallization than that used for
metal interconnects and other metal components of the cover
glass. This is to preserve etch selectivity of the sacrificial
layer with respect to these components.

In some implementations, Cu or a Cu alloy is used. As the
sacrificial layer includes raised features that will eventually
define the cavities of the cover glass that accommodate the
devices on a device substrate, the thickness or height of the
raised features is sufficient to provide clearance for devices.
In some implementations, the raised features are about 10-20
microns above the surface of the seed layer, though they may
be thinner or thicker according to the desired implementation.
The area of the raised feature varies according to the size of
the MEMS devices to be encapsulated and can be arbitrarily
large. In some implementations, an area is between about 1
square micron to about 100 square millimeters. In some
implementations, a Cu plating bath can contain one or more
additives to facilitate the formation of slightly rounded fea-
tures.

In an operation not depicted in FIG. 15A, the resist is
stripped by a technique appropriate for the resist, with post-
strip cleans of resist-related residue performed according to
the desired implementation.

FIG. 16B is an example of a cross-sectional illustration of
a sacrificial layer formed on a portion of a sacrificial sub-
strate. In the example of FIG. 16B, sacrificial layer 410
includes seed layer 402 and raised feature 408 on a surface of
sacrificial substrate 406. Raised feature 408 includes rounded
edges 411.

The process 230 continues at block 238 with application
and patterning of a resist. The resist is applied on the sacrifi-
cial layer surface and is patterned to define the areas that will
be plated to form the routing and joining ring of the cover
glass. Any appropriate resist can be used including dry film,
liquid and epoxy-based resists. In some implementations, an
electrophoretic resist (EPR) is used. EPRs are able to be
conformally deposited on raised features where spin-coating
resist can be difficult. Accordingly, an EPR can be useful in
implementations in which conductive routing conformal to
the raised features formed in block 236 is desired. An EPR can
be applied by electrodeposition with a potential applied
across the sacrificial layer and a counter electrode, followed
by rinsing and baking. An example of an EPR is Chemical
Eagle 2100 ED available from Dow Chemical. Patterning the
resist can involve masked exposure and development opera-
tions according to the desired implementation. In some
implementations, electrophoretic resist is patterned to form
multiple lines, with resist line widths between about 10
microns and 100 microns and with resist line spacing between
about 10 microns and 100 microns according to the desired
implementation.

In the example of FIG. 15A, the EPR or other resist is used
as a plating mask, though in some other implementations, in
can be used as an etch mask to etch a previously plated metal
layer.

The process 230 continues at block 240 with plating the
metal routing and joining ring of the cover glass. Any metal
that can be plated can be used with electroless plating or
electroplating as appropriate for the material used in the par-
ticular implementation can be used. As indicated above, in
some implementations, the routing and joining ring are plated
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using a different metal than used for the sacrificial layer. For
example, Ni or a Ni alloy can be used to plate the metal
routing and joining ring on a Cu-based sacrificial layer.
Examples of Ni alloys include nickel cobalt (NiCo), nickel
iron (NiFe) and nickel manganese (NiMn). In addition to Ni,
materials that can be used include palladium (Pd), palladium
(Pd) alloys, copper (Cu), copper (Cu) alloys, gold (Au), gold
alloys (Au), aluminum (Al), aluminum (Al) alloys, tin (Sn),
tin (Sn) alloys, titanium (T1) and titanium (T1) alloys or com-
binations thereof.

In some implementations, a bilayer is plated, with a small
thickness of a first metal conducive to soldering or other
connecting processes plated first, followed by a main metal
layer. Examples of metals conducive to soldering include
gold Au and Pd. For example, in some implementations, an
Au/Ni bilayer is plated, with Au plated to facilitate joining the
cover glass to the device substrate in subsequent processing.
The joining ring and metal routing can be plated to any
appropriate thickness, for example, to about 5-10 microns. In
an operation not depicted in FIG. 15A, the resist is then
stripped by a technique appropriate for the resist, with post-
strip cleans of resist-related residue performed according to
the desired implementation.

FIG. 16C is an example of a cross-sectional illustration of
a joining ring and metal routing of a portion of a cover glass
formed on a sacrificial layer. In the example of FIG. 16C,
joining ring 1165 is formed on seed layer 402 of sacrificial
layer 410, with routing 333 formed on seed layer 402 and on
raised feature 408 of sacrificial layer 410. Routing 333
extends conformally over rounded portion 411 of raised fea-
ture 408.

The process 230 continues at block 242 with application
and patterning of a thick resist layer. The resist is applied to
the desired thickness of the glass cover. In some implemen-
tations, the resist is thick enough to form an interconnect
through the cover glass. In some implementations, the thick-
ness is between about 30 and 250 microns. The thick resist
layer is patterned to define the areas that will be plated to form
metal interconnects. The resist includes any suitable resist
that can be applied and patterned at the desired thickness, can
be stripped easily, and can withstand a plating bath. Examples
of thick resists include AZ® 4562 and AZ® 9260 resists
available from AZ Electronics Materials in Branchburg, N.J.,
DuPont WBR2000™ Series resists, and SU-8 and KMPR
resists from MicroChem in Newton, Mass.

FIG. 16D is an example of a cross-sectional illustration of
aresist on a sacrificial substrate patterned to define areas that
will be plated to form metal interconnects. In the example of
FIG. 16D, thick resist layer 412 is patterned to define pat-
terned areas 414 that will be plated to form metal intercon-
nects. The patterned areas 414 are disposed over routing 333
to expose routing 333 such that the plated interconnects will
be in contact and electrical communication with routing 333.
In some implementations, the interconnects are cylinders
having diameters of between about 30 microns and 100
microns. In some implementations, the interconnects are non-
cylindrical posts having cross-sectional dimensions of
between 30 and 100 microns.

The process 230 continues at block 244 with plating metal
interconnects. Electroless plating or electroplating as appro-
priate for the material used in the particular implementation
can be used. As indicated above, in some implementations,
the routing and joining ring are plated using a different metal
than used for the sacrificial layer. In some implementations,
the same metallization employed for the metal routing is
used. For example, Ni or a Ni alloy can be used to plate the
metal interconnects, routing and joining ring on a Cu-based
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sacrificial layer. Examples of Ni alloys include nickel cobalt
(NiCo), nickel iron (NiFe) and nickel manganese (NiMn). In
addition to Ni, materials that can be used include Pd and Pd
alloys. The metal interconnects can be plated up to the upper
surface of the deposited resist layer. FIG. 16E is an example
of a cross-sectional illustration of a sacrificial substrate 406
including plated interconnects 331 in a thick resist layer 412.

While FIG. 15A shows an example of a process in which a
resist is used as a plating mask, in some implementations, a
resist can be used as an etch mask. For example, a blanket Al
or Al alloy layer can be deposited on a sacrificial layer. A
patterned photoresist layer can then be used as an etch mask
to etch the Al or Al alloy layer to create Al metallization
including interconnects. The Al metallization can be further
metallized with Ni/Pd/Au trilayers or Ni/Au bilayers through
electroless deposition.

With reference now to FIG. 15B, the process 230 continues
atblock 246 with removal of the thick layer of resist. FIG. 16F
is an example of a cross-sectional illustration of an example
of a joining ring 1165, routing 333 and interconnects 331
formed on a sacrificial layer 410, including seed layer 402 and
raised feature 408, after removal of a thick resist. In some
implementations, all or most of the non-glass components of
the cover glass are formed by this point in the process.

The process 230 continues at block 248 with formation of
a spin-on glass (SOG) layer. As described above, a SOG layer
can be formed by first applying a liquid solution containing
dielectric precursors in a solvent on the sacrificial layer. The
applied solution can then be subjected one or more operations
to remove the solvent and form a solid dielectric layer. On
application, the liquid solution flows over and around the
joining ring, metal routing and metal interconnects such that
they are embedded within the cover glass.

FIG. 16G is an example of a cross-sectional illustration of
an example of an SOG layer 416 formed on sacrificial layer
410. In the example of FIG. 16G, SOG layer 416 covers
joining ring 1165, routing 333 and interconnects 331. Turning
to FIG. 15B, the process 230 continues at block 250 with
planarization ofthe SOG layer. Any appropriate planarization
process such as CMP, grinding, lapping or buffing may be
used. The SOG layer is planarized to expose metal intercon-
nect surfaces. The process 230 then continues at block 252
with plating a solderable metal on the exposed surfaces of the
metal interconnect. Examples of solderable metallurgies
include Ni/Au bilayers, nickel/palladium Ni/Pd bilayers,
Ni/Pd/Au trilayers, Cu, and Au. The thickness of the plated
solderable metal can be between about 0.5 microns and 2
microns in some implementations. In one example, a Ni/Au
bilayer is plated having a thickness of about 1 micron Ni/0.3
microns Au.

In some implementations, the cover glass is formed after
planarization and plating of solderable material, and is ready
for attachment to a carrier substrate. FIG. 16H is an example
of'a cross-sectional illustration of a cover glass 117, including
SOG layer 416, now planarized, interconnects 331 including
solderable material 339, routing 333, and joining ring 1165.
In the example of FIG. 16H, cover glass 117 is attached by
sacrificial layer 410 to sacrificial substrate 406.

The process 230 continues at block 254 with applying
removable bonding layer on the planarized surface of the
cover glass or a surface of a carrier substrate. Examples of
removable bonding layers, in addition to those mentioned
above, include benzo-cyclo-butene (BCB) available from
Dow Chemical and DuPont HD7010. The process 230 con-
tinues at block 256 with attachment of the carrier substrate
using the removable bonding layer disposed between the
cover glass and carrier substrate. Bonding can involve appli-
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cation of thermal, electromagnetic and mechanical energy
according to the characteristics of the removable layer and the
desired implementation. In some implementations, the
removable layer is a resist material such as laminate photo-
resist material removable by exposure to the appropriate
developer chemistry. In some implementations, the remov-
able bonding layer can be etched but should be selectively
etchable relative to the sacrificial layer.

FIG. 161 is an example of a cross-sectional illustration of a
carrier substrate 112 attached to the exterior surface 113 of
cover glass 117 by removable layer 131. In the example of
FIG. 161, removable layer 131 is removable by laser irradia-
tion through a laser-transparent carrier substrate 112. After
attachment of the carrier substrate, the process 230 continues
at block 258 with an etch of the sacrificial layer. Etching the
sacrificial layer releases the sacrificial substrate from the
cover glass as well as forming cavities configured to cover
devices on a device substrate when the cover glass is joined to
the device substrate.

Etching the exposed sacrificial layer is performed with an
etchant that is selective to the sacrificial layer, without etching
the metal joining ring, interconnects and other components of
the cover glass. Selective etchants include etchants that have
selectivity of at least about 100:1 or higher for the sacrificial
layer. Specific examples of etchants for selective etching of
copper layers include a mixture of acetic acid (CH;CO,H)
and hydrogen peroxide (H,O,), and ammoniacal-based
etchant such as BTP copper etchant from Transene Company,
Inc. in Danvers, Mass.

FIG. 16] is an example of a cross-sectional illustration of a
cover plate 108, including cover glass 117 and carrier sub-
strate 112. Cover glass 117 includes a cavity 110 recessed
from interior surface 115 as well as a joining ring 1165 that
surrounds cavity 110. Cover glass 117 also includes intercon-
nects 331 and routing 333. Cover plate 108 is now formed and
is ready for alignment with a device substrate as described
above with respect to FIG. 10.

FIGS. 17A and 17B show examples of system block dia-
grams illustrating a display device 40 that includes a plurality
of interferometric modulators. The display device 40 can be,
for example, a smart phone, a cellular or mobile telephone.
However, the same components of the display device 40 or
slight variations thereof are also illustrative of various types
of display devices such as televisions, tablets, e-readers,
hand-held devices and portable media players.

The display device 40 includes a housing 41, a display 30,
an antenna 43, a speaker 45, an input device 48 and a micro-
phone 46. The display 30 can be incapsulated in with a cover
glass using the techniques described above for batch-level
encapsulation of MEMS devices. The housing 41 can be
formed from any of a variety of manufacturing processes,
including injection molding, and vacuum forming. In addi-
tion, the housing 41 may be made from any of a variety of
materials, including, but not limited to: plastic, metal, glass,
rubber and ceramic, or a combination thereof. The housing 41
can include removable portions (not shown) that may be
interchanged with other removable portions of different
color, or containing different logos, pictures, or symbols.

The display 30 may be any of a variety of displays, includ-
ing a bi-stable or analog display, as described herein. The
display 30 also can be configured to include a flat-panel
display, such as plasma, EL, OLED, STN LCD, or TFT LCD,
or a non-flat-panel display, such as a CRT or other tube
device. In addition, the display 30 can include an interfero-
metric modulator display, as described herein.

The components of the display device 40 are schematically
illustrated in FIG. 17B. The display device 40 includes a
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housing 41 and can include additional components at least
partially enclosed therein. For example, the display device 40
includes a network interface 27 that includes an antenna 43
which is coupled to a transceiver 47. The transceiver 47 is
connected to a processor 21, which is connected to condition-
ing hardware 52. The conditioning hardware 52 may be con-
figured to condition a signal (e.g., filter a signal). The condi-
tioning hardware 52 is connected to a speaker 45 and a
microphone 46. The processor 21 is also connected to an input
device 48 and a driver controller 29. The driver controller 29
is coupled to a frame buffer 28, and to an array driver 22,
which in turn is coupled to a display array 30. In some imple-
mentations, a power supply 50 can provide power to substan-
tially all components in the particular display device 40
design.

The network interface 27 includes the antenna 43 and the
transceiver 47 so that the display device 40 can communicate
with one or more devices over a network. The network inter-
face 27 also may have some processing capabilities to relieve,
for example, data processing requirements of the processor
21. The antenna 43 can transmit and receive signals. In some
implementations, the antenna 43 transmits and receives RF
signals according to the IEEE 16.11 standard, including IEEE
16.11(a), (b), or (g), or the IEEE 802.11 standard, including
IEEE 802.11a, b, g, n, and further implementations thereof. In
some other implementations, the antenna 43 transmits and
receives RF signals according to the BLUETOOTH standard.
In the case of a cellular telephone, the antenna 43 is designed
to receive code division multiple access (CDMA), frequency
division multiple access (FDMA), time division multiple
access (TDMA), Global System for Mobile communications
(GSM), GSM/General Packet Radio Service (GPRS),
Enhanced Data GSM Environment (EDGE), Terrestrial
Trunked Radio (TETRA), Wideband-CDMA (W-CDMA),
Evolution Data Optimized (EV-DO), 1xEV-DO, EV-DO Rev
A, EV-DO Rev B, High Speed Packet Access (HSPA), High
Speed Downlink Packet Access (HSDPA), High Speed
Uplink Packet Access (HSUPA), Evolved High Speed Packet
Access (HSPA+), Long Term Evolution (LTE), AMPS, or
other known signals that are used to communicate within a
wireless network, such as a system utilizing 3G or 4G tech-
nology. The transceiver 47 can pre-process the signals
received from the antenna 43 so that they may be received by
and further manipulated by the processor 21. The transceiver
47 also can process signals received from the processor 21 so
that they may be transmitted from the display device 40 via
the antenna 43.

In some implementations, the transceiver 47 can be
replaced by a receiver. In addition, in some implementations,
the network interface 27 can be replaced by an image source,
which can store or generate image data to be sent to the
processor 21. The processor 21 can control the overall opera-
tion of the display device 40. The processor 21 receives data,
such as compressed image data from the network interface 27
or an image source, and processes the data into raw image
data or into a format that is readily processed into raw image
data. The processor 21 can send the processed data to the
driver controller 29 or to the frame buffer 28 for storage. Raw
data typically refers to the information that identifies the
image characteristics at each location within an image. For
example, such image characteristics can include color, satu-
ration and gray-scale level.

The processor 21 can include a microcontroller, CPU, or
logic unit to control operation of the display device 40. The
conditioning hardware 52 may include amplifiers and filters
for transmitting signals to the speaker 45, and for receiving
signals from the microphone 46. The conditioning hardware
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52 may be discrete components within the display device 40,
or may be incorporated within the processor 21 or other
components.

The driver controller 29 can take the raw image data gen-
erated by the processor 21 either directly from the processor
21 or from the frame buffer 28 and can re-format the raw
image data appropriately for high speed transmission to the
array driver 22. In some implementations, the driver control-
ler 29 can re-format the raw image data into a data flow having
a raster-like format, such that it has a time order suitable for
scanning across the display array 30. Then the driver control-
ler 29 sends the formatted information to the array driver 22.
Although a driver controller 29, such as an .CD controller, is
often associated with the system processor 21 as a stand-
alone Integrated Circuit (IC), such controllers may be imple-
mented in many ways. For example, controllers may be
embedded in the processor 21 as hardware, embedded in the
processor 21 as software, or fully integrated in hardware with
the array driver 22.

The array driver 22 can receive the formatted information
from the driver controller 29 and can re-format the video data
into a parallel set of waveforms that are applied many times
per second to the hundreds, and sometimes thousands (or
more), of leads coming from the display’s x-y matrix of
pixels.

In some implementations, the driver controller 29, the
array driver 22, and the display array 30 are appropriate for
any ofthe types of displays described herein. For example, the
driver controller 29 can be a conventional display controller
ora bi-stable display controller (such as an IMOD controller).
Additionally, the array driver 22 can be a conventional driver
orabi-stable display driver (such as an IMOD display driver).
Moreover, the display array 30 can be a conventional display
array or a bi-stable display array (such as a display including
an array of IMODs). In some implementations, the driver
controller 29 can be integrated with the array driver 22. Such
animplementation can be useful in highly integrated systems,
for example, mobile phones, portable-electronic devices,
watches or small-area displays.

In some implementations, the input device 48 can be con-
figured to allow, for example, a user to control the operation of
the display device 40. The input device 48 can include a
keypad, such as a QWERTY keyboard or a telephone keypad,
a button, a switch, a rocker, a touch-sensitive screen, a touch-
sensitive screen integrated with display array 30, or a pres-
sure- or heat-sensitive membrane. The microphone 46 can be
configured as an input device for the display device 40. In
some implementations, voice commands through the micro-
phone 46 can be used for controlling operations of the display
device 40.

The power supply 50 can include a variety of energy stor-
age devices. For example, the power supply 50 can be a
rechargeable battery, such as a nickel-cadmium battery or a
lithium-ion battery. In implementations using a rechargeable
battery, the rechargeable battery may be chargeable using
power coming from, for example, a wall socket or a photo-
voltaic device or array. Alternatively, the rechargeable battery
can be wirelessly chargeable. The power supply 50 also can
be a renewable energy source, a capacitor, or a solar cell,
including a plastic solar cell or solar-cell paint. The power
supply 50 also can be configured to receive power from a wall
outlet.

In some implementations, control programmability resides
in the driver controller 29 which can be located in several
places in the electronic display system. In some other imple-
mentations, control programmability resides in the array
driver 22. The above-described optimization may be imple-
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mented in any number of hardware and/or software compo-
nents and in various configurations.

The various illustrative logics, logical blocks, modules,
circuits and algorithm steps described in connection with the
implementations disclosed herein may be implemented as
electronic hardware, computer software, or combinations of
both. The interchangeability of hardware and software has
been described generally, in terms of functionality, and illus-
trated in the various illustrative components, blocks, mod-
ules, circuits and steps described above. Whether such func-
tionality is implemented in hardware or software depends
upon the particular application and design constraints
imposed on the overall system.

The hardware and data processing apparatus used to imple-
ment the various illustrative logics, logical blocks, modules
and circuits described in connection with the aspects dis-
closed herein may be implemented or performed with a gen-
eral purpose single- or multi-chip processor, a digital signal
processor (DSP), an application specific integrated circuit
(ASIC), a field programmable gate array (FPGA) or other
programmable logic device, discrete gate or transistor logic,
discrete hardware components, or any combination thereof
designed to perform the functions described herein. A general
purpose processor may be a microprocessor, or, any conven-
tional processor, controller, microcontroller, or state
machine. A processor also may be implemented as a combi-
nation of computing devices, such as a combination of a DSP
and a microprocessor, a plurality of microprocessors, one or
more microprocessors in conjunction with a DSP core, or any
other such configuration. In some implementations, particu-
lar steps and methods may be performed by circuitry that is
specific to a given function.

In one or more aspects, the functions described may be
implemented in hardware, digital electronic circuitry, com-
puter software, firmware, including the structures disclosed
in this specification and their structural equivalents thereof, or
in any combination thereof. Implementations of the subject
matter described in this specification also can be imple-
mented as one or more computer programs, i.e., one or more
modules of computer program instructions, encoded on a
computer storage media for execution by, or to control the
operation of, data processing apparatus.

Ifimplemented in software, the functions may be stored on
or transmitted over as one or more instructions or code on a
computer-readable medium. The steps of a method or algo-
rithm disclosed herein may be implemented in a processor-
executable software module which may reside on a computer-
readable medium. Computer-readable media includes both
computer storage media and communication media including
any medium that can be enabled to transter a computer pro-
gram from one place to another. A storage media may be any
available media that may be accessed by a computer. By way
of example, and not limitation, such computer-readable
media may include RAM, ROM, EEPROM, CD-ROM or
other optical disk storage, magnetic disk storage or other
magnetic storage devices, or any other medium that may be
used to store desired program code in the form of instructions
or data structures and that may be accessed by a computer.
Also, any connection can be properly termed a computer-
readable medium. Disk and disc, as used herein, includes
compact disc (CD), laser disc, optical disc, digital versatile
disc (DVD), floppy disk, and blue-ray disc where disks usu-
ally reproduce data magnetically, while discs reproduce data
optically with lasers. Combinations of the above also may be
included within the scope of computer-readable media. Addi-
tionally, the operations of a method or algorithm may reside
as one or any combination or set of codes and instructions on
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amachine readable medium and computer-readable medium,
which may be incorporated into a computer program product.

Various modifications to the implementations described in
this disclosure may be readily apparent to those skilled in the
art, and the generic principles defined herein may be applied
to other implementations without departing from the spirit or
scope of this disclosure. Thus, the claims are not intended to
be limited to the implementations shown herein, but are to be
accorded the widest scope consistent with this disclosure, the
principles and the novel features disclosed herein. The word
“exemplary” is used exclusively herein to mean “serving as
an example, instance, or illustration.” Any implementation
described herein as “exemplary” is not necessarily to be con-
strued as preferred or advantageous over other possibilities or
implementations. Additionally, a person having ordinary skill
in the art will readily appreciate, the terms “upper” and
“lower” are sometimes used for ease of describing the figures,
and indicate relative positions corresponding to the orienta-
tion of the figure on a properly oriented page, and may not
reflect the proper orientation of an IMOD as implemented.

Certain features that are described in this specification in
the context of separate implementations also can be imple-
mented in combination in a single implementation. Con-
versely, various features that are described in the context of a
single implementation also can be implemented in multiple
implementations separately or in any suitable subcombina-
tion. Moreover, although features may be described above as
acting in certain combinations and even initially claimed as
such, one or more features from a claimed combination can in
some cases be excised from the combination, and the claimed
combination may be directed to a subcombination or varia-
tion of a subcombination.

Similarly, while operations are depicted in the drawings in
aparticular order, a person having ordinary skill in the art will
readily recognize that such operations need not be performed
in the particular order shown or in sequential order, or that all
illustrated operations be performed, to achieve desirable
results. Further, the drawings may schematically depict one
more example processes in the form of a flow diagram. How-
ever, other operations that are not depicted can be incorpo-
rated in the example processes that are schematically illus-
trated. For example, one or more additional operations can be
performed before, after, simultaneously, or between any of
the illustrated operations. In certain circumstances, multi-
tasking and parallel processing may be advantageous. More-
over, the separation of various system components in the
implementations described above should not be understood
as requiring such separation in all implementations, and it
should be understood that the described program components
and systems can generally be integrated together in a single
software product or packaged into multiple software prod-
ucts. Additionally, other implementations are within the
scope of the following claims. In some cases, the actions
recited in the claims can be performed in a different order and
still achieve desirable results.

The invention claimed is:

1. An apparatus comprising:

a cover glass including one or more spin-on glass layers
and having first and second opposing sides, the cover
glass further including
a cavity,

a joining ring surrounding the cavity,

one or more routing lines on the first side, and

one or more metal posts extending through the one or
more spin-on-glass layers to electrically connect the
one or more routing lines on the first side to the second
side.
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2. The apparatus of claim 1, wherein the cover glass is
between about 30 and 150 microns thick.

3. The apparatus of claim 1, wherein the joining ring is
between about 100 and 500 microns wide.

4. The apparatus of claim 1, wherein the one or more
routing lines conformally extend along at leasta portion of the
cavity.

5. The apparatus of claim 1, wherein the one or more
routing lines and joining ring include a nickel-based material.

6. The apparatus of claim 1, wherein the one or more posts
are cylindrical and have a diameter of between 30 microns
and 100 microns.

7. The apparatus of claim 1 further comprising:

a device substrate including one or more devices disposed
on a surface of the device substrate, wherein the cover
glass is joined to the surface of the device substrate.

8. The apparatus of claim 7, wherein the one or more
devices is in electrical communication with the one or more
posts.

9. The apparatus of claim 7, further comprising a seal
between the cover glass and the device substrate, wherein the
seal includes the joining ring.

10. The apparatus of claim 9, wherein a device is sealed
within an area defined at least in part by the cover glass, the
device substrate and the seal.
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11. The apparatus of claim 9, wherein the seal is between
about 100 and 500 microns wide.

12. The apparatus of claim 1, further comprising:

a display;

a processor that is configured to communicate with the
display, the processor being configured to process image
data; and

a memory device that is configured to communicate with
the processor.

13. The apparatus of claim 12, further comprising:

a driver circuit configured to send at least one signal to the
display; and

a controller configured to send at least a portion of the
image data to the driver circuit.

14. The apparatus of claim 12, further comprising:

an image source module configured to send the image data
to the processor.

15. The apparatus of claim 12, wherein the image source
module includes at least one of a receiver, transceiver, and
transmitter.

16. The apparatus of claim 12, further comprising:

an input device configured to receive input data and to
communicate the input data to the processor.

17. The apparatus of claim 1, wherein the metal posts are

plated metal posts.



